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Abstract 
Coprinopsis cinerea, the inky cap mushroom, is a model organism for studying 
developmental processes in basidiomycetous fungi. Short life cycle, ease in 
cultivation and fruiting in laboratory and availability of the drafted genome assembly 
have much facilitated its genetic and molecular studies. 
Our long term goal is to understand the molecular events involved during 
mushroom fruiting body initiation and development which are still unclear. The 
current knowledge of the C. cinerea genome contains no data on expression patterns 
and transcription start sites (TSS) at a genome-wide level. Therefore, two 5' Serial 
Analysis of Gene Expression (SAGE) libraries, employing a ditag strategy and the 
sequencing capacity of the GS20 genome sequencer, were constructed from the 
dikaryotic mycelial and primordial stages of C. cinerea to generate �250,000 tag 
sequences for comprehensive transcriptome and TSS analyses, thereby* providing 
possible insights into the fruiting mechanisms and contributing to a better annotation 
of the genome and our understanding of transcription regulation. 
A total of -38,000 and �51,000 unique tags were isolated from mycelium and 
primordium respectively. Approximately 80% of these tags were mapped to single 
position on the C. cinerea genome, and from which �35-37% were mapped to the 
putative 5'-untranslated region (UTR) of annotated genes, representing an estimate 
of �10，000 and �15,000 genuine TSS for each developmental stage. The TSS data is 
crucial for defining transcriptional units and analyses of the promoter and upstream 
regulatory elements. The existence of alternative TSSs, potential antisense transcripts 
and unannotated novel genes were identified and possible errors in current genome 
annotations were also revealed. 
By considering the tags mapped to the putative 5’-UTR, the expression level of 
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-6,700 genes was evaluated, and from which �1 ,000 differentially expressed genes 
were identified by the Fisher Exact Test. This suggests a significant switching of 
transcriptomes during the transition from mycelium to primordium. Investigation 
into these genes revealed an up-regulation of the whole protein synthesis machinery 
and signal transduction system. Potential players in light signaling, sensing of 
nutrient depletion and membrane structure alteration, which have been suggested to 
induce fruiting body initiation and development, were also recognized. This set of 
differential expression data can be compared to the expression profiles studied in 
other fungi. The 5' SAGE data serve as a valuable platform for understanding gene 
functions and various biological processes including the molecular events underlying 
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Chapter 1 Literature Review 
1.1 Introduction and Taxonomy 
Coprinopsis cinerea (Schaeff. ex Fr.) Gray, commonly known as the inky caps, 
is one of the model organisms widely used to study developmental processes in 
homobasidiomycetous fungi. It has a haploid genome size of 37.5Mb distributed in 
13 chromosomes. Members of the genus Coprinopsis are defined as saprophytic 
mushrooms whose gills and often the entire cap autodigests at maturity, releasing an 
inky black fluid to the ground (Arora, 1986). C. cinerea is classified in family 
Coprinaceae, order Agaricales, subphylum Homobasidiomycetes and phylum 
Basidiomycota. 
C. cinerea is found worldwide growing on heaps of horse dung, rotten straw 
and vegetable refuse. It also grows and fruits well on artificial medium (Madelin, 
1956). Although C. cinerea has only limited edible value, it is used to understand the 
developmental process in many edible basidiomycetes, most of which cannot 
produce fruiting bodies in the laboratory and are not readily accessible to genetic 
approaches (Chang et al, 1993). Its relatively short life cycle has also facilitated 
genetic studies. 
In recent years, C. cinerea has been widely tested for peroxidase (CiP) 
production for treatment of waste water contaminated with phenolic compounds 
(Mao et al., 2006; Ikehata et aL, 2004). Mycelial broth cultures (Han et al.，1999) 
and lectins (Wang et al., 1998) purified from certain Coprinopsis species were also 
found to exhibit anti-tumor activity. 
1.2 Life cycle and morphology 
C. cinerea is a heterothallic basidiomycetes. Its life cycle can be divided into 
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six main developmental stages: basidiospore, mycelium, stage 1 primordium, stage 2 
primordium, young fruiting body and mature fruiting body (Klies, 2000) (Figure 1.1, 
Figure 1.2). 
The life cycle starts when the haploid binucleate basidiospores released from 
fruiting bodies of dikaryons germinate to form a monokaryotic mycelium. There are 
two main types of mycelium: the infertile monokaryon and the fertile dikaryon 
(Casselton, 1995). Only the fertile dikaryons can produce fruiting body, and while 
the infertile monokaryons cannot, they can still grow to produce mitotic aerial 
spores (oidia) and mitotic submerged spores (chlamydospores). In general, the 
mycelium of dikaryons tends to grow faster, and has a denser, more protuberant and 
conspicious aerial portion than their monokaryotic counterparts (Buller, 1931). 
Dikaryons are formed upon fusion of monokaryons of compatible mating types, 
either by hypha-hypha fusion or by fusion of hyphae with germinating or resting 
oidia (Casselton and Econoumou, 1985). During fusion, nuclei enter the mycelium 
of the opposite mating type and migrate through the hyphae until they reach the 
hyphal tip cell. Specialized clamp cells (or hook cells) are formed during 
synchronous division of the paired nuclei. When nutrients become depleted and 
favorable environmental conditions are available, some areas of the vegetative 
hyphae aggregate to form small communities known as the hyphal knots, which 
signify the initiation of the fruiting process (Kiies et al., 1998). 
Following the appearance of the hyphal knots, various environmental factors, 
light in particular, are crucial for the process to proceed. The hyphal knots grow into 
the globose fruiting body initials and then quickly pass through stage 1 and stage 2 
primordium, immature and eventually mature fruiting bodies under appropriate 
light/dark cycles (Ballou and Holton, 1985). If conditions are favorable, it takes only 
a few days to reach maturation. The mature fruiting body can be basically divided 
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into the stipe and cap structures, in which the stipe is a hollow cylinder whereas the 
hymenium-containing gills are found underneath the cap. When the fruiting body 
matures, the cap structure further expands and is subsequently autolyzed, 
accompanied by the release of a brown to black ink carrying the basidiospores to the 
culture medium (Buller, 1931). The life cycle of C. cinerea is renewed as the spores 
germinate. 
Mature fruiting body Basidiospores Mycelium 
fel [ ] 
Immature fruiting body 國 
A l l :。 - *， J 乂 
Stage 2 primordium : 
Stage 1 primordium 
Figure 1.1 Life cycle of Coprinopsis cinerea grown on artificial YMG 
m e d i u m . The life cycle starts as the basidiospores germinate to give dikaryotic 
mycelium, which then grows to stage 1 primordium, stage 2 primordium, immature 
fruiting body and eventually mature fruiting body. The cycle is renewed as 
basidiospores from mature fruiting body germinate again (Kties, 2000). 
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Figure 1.2 Fruiting body development of Coprinopsis cinerea in a 
12-h-light/dark regime (Kues, 2000). Light is essential for the 
development of fruiting body initials, stage 1 primordium, stage 2 primordium and 
immature fruiting body. 
1.3 Growth requirements of C. cinerea 
1.3.1 Nutritional requirements 
Despite its limited edible value, C, cinerea is important in mushroom 
developmental studies as many edible basidiomycetes cannot be grown and/or 
produce fruiting bodies in the laboratory. In the natural environment, horse dung is 
the main substrate of C. cinerea, but it grows and fruits well on various synthetic 
culture media as well. Also, it was shown by Hanai et al. (2004) that 
supplementation of rice husks to cultures of C. cinerea can stimulate mycelial 
growth in a dose dependent manner. 
In the laboratory, mycelium cultivation and fruiting process of C. cinerea is 
typically performed on YMG medium containing a mixture of yeast extract, malt 
extract and dextrose. Malt extract is very high in carbohydrate content, especially 
maltoses, and provides carbon, protein and nutrient sources to support the growth of 
the mushroom. Yeast extract provides B-complex vitamins and cofactors required 
for growth and additional sources of nitrogen and carbon. Moreover, dextrose serves 
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as a source of fermentable carbohydrate. However, fruiting body formation is 
negatively affected by increased concentrations of C (essentially glucose and 
glucose analogues) and N sources (Kues, 2000)，while addition of free ammonium 
to competent mycelia can stimulate the fruiting process (Morimoto et al., 1981). 
1.3.2 Environmental factors 
Apart from the nutritional factors, environmental conditions including light, 
temperature and humidity also play critical roles in deciding which developmental 
pathways C. cinerea will enter. Among these factors, light is the most important in 
that it determines whether a dikaryon will form hyphal knots or oidiophores with 
oidia. Even after hyphal knots are formed, the presence of light will decide whether 
they can become fruiting body initials or proceed to sclerotia (Kiies, 2000). In fact, 
while the mycelium grows in darkness, fruiting body development is highly 
synchronized to alternating light-dark periods fixed by the normal day-night cycle 
(Ballou and Holton, 1985). 
The mycelium grows at a temperature of 37°C and the fruiting process occurs 
best at 25-28°C for most but not all strains (Lu, 1972). Usually, higher temperatures 
favor the development of oidia, and lower temperatures induce fruiting body 
initiation. Similar to some other mushrooms, the application of a cold shock can 
increase the absolute number of fruiting bodies on a culture medium (KUes, 2000). 
In addition, high humidity (>60%) is required for fruiting body initiation and 
maturation, whereas sclerotia and chlamydospores are observed at low humidity 
(Moore, 1981). As C. cinerea is an aerobic fungus, well-circulated flesh air and 
good ventilation during fruiting is essential and accumulation of CO2 should be 
prevented or else fluffy hypahe can grow from the stipe base of the primordium (P. 
Pukkila, personal communication). 
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1.4 Fruiting body development in Coprinopsis cinerea 
1.4.1 Physiology of the fruiting process 
The fruiting process is the most complex, yet rapid developmental event in the 
life cycle of C. cinerea. When nutrients are depleted, the relatively loose mesh of 
free, undifferentiated mycelium undergoes a drastic change to form a compact 
multihyphal structure with many different cell types holding each other through 
hyphal-hyphal interactions, known as the fruiting body (Moore, 1995; Moore, 1996). 
Under ideal conditions, the fruiting process can be completed in as short as a few 
days following the first sign of fruiting (Kuhad et al, 1987; Lu, 1974). 
Among the many environmental signals influencing fruiting, light/dark periods 
are the most important. In fact, fruiting body development is highly synchronized to 
the normal day-light rhythm cycle (Ballou and Holton, 1985; Kamada et al., 1978). 
Hyphal knots (�0.2mm in size) are formed in the dark (Boulianne et al., 2000). 
Light then induces the formation of globose fruiting body initial (<2mm in size), 
which is regarded as the first fruiting body-specific stage (Moore, 1981) and are the 
first structure showing clear histological differentiation such as polarization of the 
undirected hyphal growth (Matthews and Niederpmem, 1973). The veil, pileus 
trama, primary gill and stipe formation have also started (Chiu and Moore, 1990). 
Again, light is essential to induce the development of stage 1 primordium 
(2-6mm in size) from the fruiting body initials (Kamada et al., 1978, Kuhad et al., 
1987). At this stage, gills, which are vertical plates arranged radially around the stipe, 
are already well-developed and basidia can also be found (Kuhad et al., 1987). 
Basidia are structure in which basidiospores will be formed later and during further 
development of the stage 1 primordium, the basidia change from a cylindrical to a 
club-shaped structure (Raju and Lu, 1970). Karyogamy marks the end of this stage 
(Lu, 1974). At this point, tissue development in the cap is completed. 
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In Stage 2 primordium (6-10mm), meiosis starts within the basidia and the gills 
begin to separate. From this stage, it takes approximately 1-2 days for development 
into mature fruiting bodies (Kuhad et al., 1987). Four main processes are involved 
during maturation: stipe elongation (Buller, 1931), basidium maturation, pileus 
expansion and autolysis of the pileus. 
Basidia are the sole cells in C. cinerea that express developmental commitment 
(Chiu and Moore, 1988). One remarkable feature of C. cinerea is the natural 
synchrony of karyogamy and meiosis in that in a given cap, 60-85% of all basidia 
are always in the same developmental phase at all stages of meiosis (Kiies, 2000). 
Usually, in a single basidium, there are eight basidiospores and each mushroom cap 
is able to deliver as many as ICT to 10^ spores. 
Immature fruiting bodies are about 1.5-4.5cm tall while mature ones are usually 
4-7cm. During fruiting body maturation, there are no further cell divisions and most 
changes in the cap shape are a result of cell expansion, as suggested by a 
considerable uptake of water and thus is probably osmotically driven (Ewaze et al., 
1978). After the cap fully expands, autolysis starts from the edge of the gill closest 
to the stipe (Rosin and Moore, 1985). Autolysis is caused by cell wall degradation 
by chitinases, proteases and glucanases (Hammad et al., 1993) and the process 
produces a brown to dark ink, carrying the basidiospores to the culture medium. 
1.4.2 Other studies related to the fruiting process 
For years, researchers have been very interested to understand the underlying 
principles of the process, as cultivation of mushrooms may be improved by an 
increased knowledge in the fruiting mechanisms, conditions and techniques. 
Structural factors are believed to be mediating hyphal-hyphal interaction which 
is a crucial process for the fruiting process (Boulianne et al., 2000). The cgll and 
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cgl2 lectins received much attention among the many molecules that have been 
studied. It was found that higher fungi can have more complex type polysaccharides 
on their surface, thereby suggesting that hyphal interactions may be mediated by 
lectins, which is a class of oligosaccharide-binding proteins (Guillot and Konska, 
1997). The two proteins are highly differentially regulated during fruiting body 
formation, with cgl2 being expressed in early stages of fruiting body development, 
and is maintained until maturation. On the other hand, cgll is specifically expressed 
in primordial and mature fruiting bodies (Cooper et al； 1997). Interestingly, 
although showing binding specificity towards P-galactosides, the two lectins share 
no sequence homology with other known fungal lectins but rather show homology 
to the family of galectins. This was the first reported case of galectins being found 
outside the animal kingdoms (Cooper et al” 1997). 
In addition to the cgll and cgll genes, other genes like ichl gene (Muraguchi 
and Kamada, 1998) which is responsible for the hymenium-bearing pileus formation 
and the elnS gene (Arima et al., 2004), which involves in fruiting body 
morphogenesis by encoding a putative membrane protein with a glycosyltransferase 
domain, had also been studied. 
1.5 Other biological studies in Coprinopsis cinerea 
Over the past few decades, various molecular techniques have been applied to 
C. cinerea to generate large amounts of data on its genomics and functional 
genomics. Indeed, C. cinerea has played a very important role in fungal researches. 
It is one of the model mushrooms and many of its coordinated developmental 
processes such as gill formation, cap expansion, autodigestion, spore discharge and 
stalk elongation are not observed in unicellular fungi. Also, being a multicellular 
fungi, genomic analysis will reveal whether the genes responsible for 
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multicellularity of C. cinereus are the progenitors of those in other multicellular 
organisms or are innovations simply restricted to the fungi. It may as well provide 
some clues on the evolution or development of multicellularity within the fungal 
kingdom (Broad Institute, 2007). 
Studies of C. cinerea are mainly focused on the areas of fruiting body 
development, meiosis, mating factors, enzyme production and gene silencing. 
1.5.1 Meiosis studies 
Karyogamy and meiosis is highly associated with the fruiting process and is 
one of the remarkable features of C. cinerea for its natural synchrony (Klies, 2000). 
Such feature and the fact that chromosomes of C. cinerea can be examined under 
light microscopes have facilitated molecular studies of meiosis, and actually 
research of meiotic development in C. cinerea had started more than two decades 
ago (Pukkila et al., 1984). Fluorescence in situ hybridization (FISH) had been 
applied to examine homologous pairing during synchronous meiosis and confirmed 
that homologous pairing occurs rapidly after karyogamy and at 6 hours 
post-karyogamy essentially all meiotic nuclei are in pachytene (Li et al., 1999). Lu 
(2000) had also studied the effect of light on meiosis progression and concluded that 
meiosis in C. cinerea is controlled by light/dark cycles and that light is essential to 
propel basidia into karyogamy and its intensity determines the timing of meiotic 
events. 
In addition to studies at chromosomal level, several enzymes including DNA 
polymerase alpha-primase complex (Namekawa et al., 2003), DNA ligase I 
(Namekawa et al., 2003), DNA ligase IV (Namekawa et aL, 2003), the 
LIM15/DMC1 homolog (Nara et al.’ 1999) and the rad9 gene (Seitz et al., 1996) in 
C. cinerea have also been characterized. 
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1.5.2 Mating type analyses 
Most mushroom species possess two mating-type loci controlling their 
breeding. These mating loci contain genes that are genetic regulators of sexual 
compatibility and development, and as seen in C. cinerea, sometimes also of asexual 
development (Hiscock and Kiies, 1999). Since mushroom production depends 
largely on the quality of the spawn used for inoculation, spawns conferring 
resistance to certain diseases and producing high-quality fruiting bodies under 
standard growing conditions are necessary (Kothe, 2001). For these reasons, C. 
cinerea has long been employed to investigate the molecular basis of mating for its 
easy cultivation and sexual propagation on defined medium. 
The mating type genes control many conserved processes such as self-nonself 
recognition and nuclear migration. The components' structure of the mating loci and 
their genetic arrangements vary greatly in different fungi. In C. cinerea, it is 
previously discovered that the A-mating loci contain three to four functionally 
redundant gene pairs encoding two types of homeodomain transcription factors 
known as HDl and HD2 (Casselton and Olesnicky, 1998). On the other hand, the 
B-mating loci contain large families of pheromones and G-protein-coupled 
pheromone receptors system, and whose functions are to confer vast numbers of 
different mating types (O'shea et al., 1998). Two haploid monokaryons with 
compatible alleles at both mating-type loci can mate together to produce a dikaryon 
through their coordinated regulation pathways (Kamada, 2002). This complex 
mating system, unlike the one in ascomycetes, involves the novel one-to-many 
specificity in both pheromone receptors and homeodomain proteins interactions 
(Kronstad and Staben, 1997). 
A recent research has revealed many more members of the B-mating genes by 
molecular analyses of strains collected worldwide (Riquelme et al., 2005). These 
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newly identified alleles are grouped based on sequence homology rather than by 
positions, thus pinpointing the complex evolutionary process giving rise to the 
B-mating loci. It was also proved that alternative activation of the A and B 
mating-type pathways activates different developmental processes during the mating 
and fruiting process (Klies et ai, 2002). 
1.5.3 Peroxidase production 
Phenolic compounds, classified as pollutants and toxic, are commonly found in 
industrial waste waters, for example, from wood and polymer processing, textiles 
and dye industries (Bratkovskaja et al, 2004). A majority of them are carcinogenic, 
and as time passes, they can accumulate to critical levels of concentrations in nature. 
Usually, these phenolic compounds are treated by techniques like solvent extraction, 
degradation by microorganisms and adsorption on activated carbon (Bratkovskaja et 
al； 2004). However, these methods are inefficient and costly. In order to handle a 
wide spectrum of phenolic compounds, enzymes have been introduced and the use 
of peroxidase was first proposed by Klibanov et al. (1980) to oxidize aromatic 
compounds. 
At the beginning, peroxidase was extracted from plant sources like soybean and 
horseradish (Bratkovskaja et al., 2004) in a laborious and expensive means. Thus, in 
recent years, scientists have started to study a peroxidase from C. cinerea (CiP). 
Since then, this non-ligninolytic fungal peroxidase has been extensively 
characterized and studied (Petersen et <3/., 1994; Ikehata et al., 2004; Bratkovskaja et 
al., 2004; Houborg et al., 2003). An integrated enzymatic system consisting of C. 
cinerea peroxidase production, processing and usage in reactors is also being 
developed for removal of phenolic compounds from aqueous water wastes (Mao et 
al., 2006). 
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1.5.4 Transformation and gene silencing 
Before 1986, Schizophyllum commune was the only basidiomycete for which a 
stable transformation system had been reported (Munoz-Rivas et al, 1986). 
However, for the various advantages of C. cinerea, scientists started to investigate 
the possibility of transformation in this model fungus. The first report of 
DNA-mediated transformation and homologous integration of C. cinerea was 
released soon after (Binninger et al., 1987). The transformed DNA was stable 
through cell division, mating, fruiting body formation and meiosis. Transformation 
had also been employed to increase gene copy number and gene expression (Mellon 
and Casselton, 1988). 
However, these reverse-genetics tools were inefficient and thus could not 
support extensive functional studies of genes. With the emergence of RNA-induced 
gene silencing (RNA silencing), the use of double-stranded RNA (dsRNAs) had 
become a powerful tool for gene targeting in fungi (De Backer et al., 2002). 
Namekawa et al. (2005) had successfully knock-downed the LIM15/DMC1 gene 
responsible for homologous chromosome synapsis during meiosis by transformation 
and expression of a LIM15/DMC1 dsRNA expression construct. Basidiospore 
production was reduced to only 16% while 60% of the basidiospores were viable. 
Silencing using a hairpin construct of the cgl2 gene had also been reported (Walti et 
al., 2006). Expression of the hairpin RNAs successfully reduced the mRNA level of 
the target genes by at least 90%, and demonstrated the possibility of simultaneous 
silencing of a whole gene family by a single construct. These studies highlighted the 
applicability of targeted gene silencing for reverse genetics studies in this model 
mushroom. 
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1.5.5 Other studies 
Other areas of research in C. cinerea are diverse in nature. One area is the 
studies of enzymes isolated from the mushroom. The laccase family inevitably 
receives the most attention from the scientists. It is repeatedly found to be linked to 
lignin degradation, thus implying its prominent role in delignification (Leonowicz et 
al., 2001). Besides, laccase is believed to participate in various physiological 
processes like fruiting body formation (Labarere and Bemet, 1978), synthesis of 
melanins (Langfelder et al., 2003) and probably pigments production in mushroom 
tissues and basidiospores (Leatham and Stahmann, 1981). In addition to laccase, a 
bifunctional delta 12/delta 15 fatty acid desaturase (Zhang et al., 2007) and a 
dihydrofolate reductase (Aimi et al., 2004) had also been studied. 
Mutant analyses have also been carried out in C. cinerea research. Two mutants 
were extensively studied: a temperature-sensitive mutant showing swelling at 
hyphal apices when it is grown at 37�C (Maida et al., 1997) and a mutant sensitive to 
gamma radiation but insensitive to UV radiation (Ramesh and Zolan, 1995). In 
earlier years, a number of approaches were also employed to study the chromosomes 
of C. cinerea. These include gene mapping using molecular markers and marker 
chromosomes (Zolan et al., 1993), chromosome seperation using contour-clamped 
homogeneous electric field (CHEF) electrophoresis and construction of 
chromosome-specific genomic libraries (Zolan et al., 1992) and silver staining of 
meiotic chromosome (Pukkila and Lu, 1985). 
1.6 C. cinerea Genome Project 
The Coprinopsis genome project is a collaboration between the Broad Institute 
(A partnership among MIT, Harvard and affiliated hospitals) and the Coprinopsis 
research community. By the fall of 2003, an openly accessible 10-fold sequence 
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coverage of genome assembly based on the monokaryotic strain Okayama-7 (#130) 
was released. The assembly comprises 431 contigs which can be further assembled 
to give 106 supercontigs. The supercontigs range in size from 2 to 4142kb, with an 
average length of 342kb. The combined contigs account for a total of approximately 
36.25Mb, representing 96% of the C. cinerea genome. 
In early 2006, a predicted protein gene set containing 13,544 genes was 
released. Currently, BLAST databases for the entire assembly, as well as for 
individual gene and protein predictions, are available. Also, all the features and a 
particular region of genome assembly can be searched, visualized and downloaded. 
1.7 Transcriptome Analyses 
1.7.1 Serial Analysis of Gene Expression (SAGE) 
Gene expression determines the overall characteristics of an organism. In the 
era of functional genomics, investigation of the transcriptomes becomes essential as 
it gives temporal, spatial and order information of genes being expressed. In earlier 
years, techniques like cDNA subtraction and differential display were used for 
comparing gene expression differences between two cell types. Yet, they failed to 
provide direct information on abundance (Liang and Pardee, 1992). Other methods 
including expressed sequence tags (EST) (Adams et al., 1991), RNA blotting, 
ribonuclease (RNase) protection and reverse transcriptase-polymerase chain reaction 
(RT-PCR) are able to deliver information on abundances, but they only evaluate a 
limited number of genes at a time (Velculescu et al, 1995). Sun et al. (2004) had 
also shown that SAGE is far more sensitive than the EST approach for detecting 
low-abundance transcripts. 
Nowadays, global transcriptome analyses are mainly conducted by 
hybridization to oligonucleotide microarrays or by counting of sequence tags. The 
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latter involves two main techniques: the serial analysis of gene expression (SAGE) 
and the massive parallel signature sequencing (MPSS) (Brenner et al., 2000). Since 
MPSS can only be performed by experienced technicians at a high cost, so SAGE is 
a more preferred method when compared with MPSS. 
SAGE was invented by Velculescu et al. (1995) and allows simultaneous and 
quantitative analysis of a large number of transcripts. Their first investigation using 
SAGE successfully identified 840 tags, representing 428 sequences from the human 
pancreas. When compared to oilgonucleotide microarray, although both systems are 
capable to generate information on how genes differ in their expression levels in 
different samples, SAGE has a few advantages. First of all, only known genes can 
be spotted onto the arrays while SAGE is able to measure expressions of both 
known and unknown genes (Nielsen et al, 2006). Also, SAGE allows better 
quantification of transcripts in absolute number and is able to detect low abundance 
transcripts, i.e. single-digit copy counts are still detectable while microarray is likely 
to miss. Lastly, cloning of all cDNAs is not required in SAGE, and this is 
particularly important when commercial microarray slides are not available (Van 
Ruissen et al” 2005). 
After the introduction of SAGE in 1995, it underwent a number of 
modifications in order to increase the specificity of the tags for transcript 
identification and mapping to the genomes. These included LongSAGE (Saha et al., 
2002), which extended the tag length to 21 bp by using a type lis restriction enzyme 
Mmel, Super SAGE (Matsumura et al., 2003) which extended tag length to 26bp by 
using EcoFlSl as the tagging enzyme, and 3’SAGE (Wei et al., 2004) extracted the 
first 18bp upstream of the polyA tail. Generation of longer 3’ cDNA from SAGE 
tags for Gene Identification (GLGI) and 3’ rapid amplification of cDNA ends 
(RACE) was often coupled to SAGE, producing a 3' EST with up to a few hundreds 
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of bases (Wang, 2006). 
1.7.2 Analyzing the 5' end of transcripts 
A number of modifications based on the principles of SAGE were applied in 
order to suit new platforms for different areas. One of these is to analyze the most 5' 
end bases (the 5' untranslated region, UTR) of each mRNA transcript, commonly 
known as 5'-end SAGE (Hashimoto et aL, 2004) or 5，SAGE (Zhang and Dietrich, 
2005). Studying the 5' end of transcripts allows identification and mapping of 
transcription start sites (TSS) and subsequent investigation of the promoter elements 
by looking at the regions upstream. Mapping of TSS also has potential contribution 
to our understanding of gene regulation, transcription, mRNA stability and aspects 
of RNA biology (Zhang and Dietrich, 2005). A few methods have been described to 
study the 5' end of transcripts, and most of them involved the use of type lis 
restriction endonuclease Mmel, 
Cap Analysis Gene Expression (CAGE) was among the first studies employing 
the SAGE principles to analyze the 5' end of transcripts (Shiraki et aL, 2003). The 
method involved selection of full-length cDNA by biotinylated cap trapper and 
subsequent release of the 20bp 5' SAGE tags by Mmel. The tags are then joined into 
ditags and the procedures afterwards are identical to the original SAGE protocol. 
The study successfully analyzed four libraries from brain, cortex, hippocampus and 
cerebellum of mouse, comprising a total of 60,922 tags with an average mapping 
rate of 58.5%. 
Some researchers added adaptors containing Mmel recognition site to the 
mRNA or cDNA end. Hashimoto et al. (2004) applied the oligo-capping method 
(Maruyama and Sugano, 1994), which involves the use of bacterial alkaline 
phosphatase and tobacco acid pyrophosphatase, to replace the cap structure of the 
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eukaryotic mRNAs by oligoribonucleotide adaptor. Ng et al. (2005) added 
double-stranded adaptors to the newly synthesized first-strand cDNA and 
subsequently added another adaptor to the 3' end of the double-stranded cDNA, 
thereby linking the 5' and 3' ends of a transcript to a single ditag. The ditag was 
named paired-end ditag (PET) and the method was recognized as Gene 
Identification Signature (GIS). 
Another way to analyze the 5’ end of the mRNA transcript is to employ the 
terminal transferase and template switching properties of reverse transcriptases. This 
application was first described by Schmidt and Mueller (1999) for enrichment of full 
length cDNA in PCR-mediated analysis of mRNAs, and was later applied in 5' 
SAGE analysis (Zhang and Dietrich, 2005). Since reverse transcriptases usually add 
a few deoxycytosine nucleotides to the newly synthesized cDNA, this serves as a 
mean to introduce enzyme recognition sites to the 5' cDNA end with the template 
switching process. The study successfully identified 13,746 unique sequence tags 
from 2231 S. cerevisiae genes, and thus highlighted the applicability of this 





















































































































































































































































































































































































































































































1.7.3 Mapping of SAGE tags to the genome 
The reliability of SAGE and 5' SAGE analyses depends on accurate and 
unambiguous mapping of the tags to the genome, and this is the critical step 
concerning the amount and quality of information to be extracted from SAGE 
experiments. Considering the efficiency of SAGE or 5' SAGE for gene discovery 
and annotation, genomic information provides the best source for tag mapping and 
gene discovery (Malig et al, 2006). However, the use of genomic sequences 
represents a bioinformatics challenge as the complexity of large genome makes 
unique tag mapping more difficult (Wahl et al., 2005). Increased tag length also 
markedly decreased the mapping rate of LongSAGE tags. For example, only 22% 
(137,333 out of 632,814) of human LongSAGE tags could be mapped to the 
SAGEmap database (Wang, 2006). It is believed to be related to the increased 
probability of incorporating base errors or single nucleotide polymorphisms in longer 
tags. 
Keime et al. (2007) obtained similar observations. They examined all public 
human LongSAGE libraries and deduced that more than 70% of the tags still did not 
match the genome sequence after removing those likely to be resulted from 
sequencing errors. Some of these tags corresponded to parts of human mRNAs, such 
as polyA tails, junctions between two exons and polymorphic regions of transcripts. 
Even for the tags mapped to the genome, 31% corresponded to unannotated 
transcripts and for those mapped to known transcribed regions, a number were 
located in antisense or in new variants of these known transcripts. They concluded 
that the human genome is much more complex than shown by the current genome 
annotations. 
In 5' SAGE analyses, mapping percentages are generally higher, possibly due to 
a slightly shorter tag length (Hashimoto et al., 2004). In several 5' SAGE studies on 
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human, yeast, maize, it was reported that unique tag mapping rate was higher than 
70% (Hashimoto et al., 2004; Zhang and Dietrich, 2005; Gowda et al., 2006). These 
studies were able to improve current transcription start site annotations in reference 
databases and published literature. Most of them discovered the diversity of TSS on a 
cellular level and that some genes could have as many as 16 TSS, although some 
TSS are more preferred. Hashimoto et al. (2004) also anticipated that alternative 
transcription may frequently induce alternative splicing. Moreover, Zhang and 
Dietrich (2005) confirmed and expanded the previously reported consensus pattern 
flanking the transcription start sites. In addition, 5' SAGE is a valuable tool for 
predicting novel genes and identifying potential non-coding RNA genes and 
upstream open reading frames. 
1.8 High-throughput sequencing 
1.8.1 Pyrophosphate sequencing 
Traditionally, sequencing is performed mainly through Sanger sequencing. In 
large-scale sequencing projects like the whole-genome sequencing, DNA fragments 
have to be cloned into bacterial vectors followed by amplification, purification of 
templates and finally sequencing using fluorescent chain-terminating nucleotide 
analogues and either slab gel or capillary electrophoresis. In this way, the cost of 
sequencing a human genome was estimated to be $10-25 million (Margulies et al., 
2005). 
Although alternative methods such as detecting the release of pyrophosphate 
(Ronaghi et al” 1996) had been described, they did not come into large-scale 
applications until Margulies et al. (2005) invented an integrated system based on 
pyrophosphate sequencing (pyrosequencing) in a sequencing-by-synthesis approach. 
The system employed an emulsion-based method for DNA isolation and 
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amplification and used a novel fibre-optic slide to perform sequencing in 
picolitre-sized wells. It was capable to generate over 25 million bases with a Phred 
quality score of 20 or higher in one four-hour machine run. Despite a substantially 
shorter reads and lower average individual read accuracy compared with Sanger 
sequencing, the system showed outstanding utility, throughput, accuracy and 
robustness in a comparison on sequencing the genome of the bacteria Mycoplasma 
genitalium, presenting a 96% coverage and 99.96% accuracy in a single run. 
1.8.2 Applications of pyrosequencing 
The pyrosequencing system has applications in many research fields such as 
whole genome sequencing (Hofreuter et al., 2006), chromosome structure (Albert et 
al., 2007), small RNA (Berezikov et al., 2006), amplicon analyses (Thomas et al., 
2006) and transcriptome analyses. In fact, transcriptome analyses have been much 
facilitated by this pyrosequencing approach as it does not require purification and 
cloning of concatemers, and eliminates the tedious steps of colony picking and 
plasmid DNA purification (Gowda et al, 2006). 
The system had been used to study transcriptomes of maize shoot apical 
meristem (SAM) (Emrich et al., 2007), in which >25,000 maize genomic sequences 
were annotated and about 400 expressed transcripts which have not been identified in 
other species before were captured. Gowda et al. (2006) had also analyzed the 5' end 
of transcripts of maize, and demonstrated the existence of complex alternative 
transcription start sites, promoter regions and 5' poly(A) tail in these transcripts. 
Nielsen et al. (2006) had also investigated transcripts of potato tubers at the 
time of harvest and at dormancy, and compared with the LongSAGE data to 
demonstrate the greater power of detection and multiplexing of samples. The analysis 
allowed counting of more than 300,000 tags with less effort and cost, thus facilitating 
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the measurement of rare transcripts which are beyond detection limit of existing 
global transcript profiling technologies (Nielsen et al., 2006). 
In addition, the pyrosequencing system had also been used to study the 
transcriptomes of prostate cancer cell line (Bainbridge et al., 2006), Medicago 
truncatula (Cheung et al； 2006) and Arabidopsis (Weber et al., 2007). All these 
researches highlight the applicability of the system as a powerful profiling method in 
complex genomes. 
1.9 Aims of project 
It has long been a goal for the fungal research community to understand the 
mechanisms underlying the fruiting process as well as the roles and biological 
functions of different genes. With the genome sequenced and the protein gene set 
available, performing 5' SAGE on the mycelial and primordial stages of Coprinopsis 
cinerea can generate large amount of information on gene expression among these 
stages, thereby provide clues on how genes behave during the fruiting process as 
well as other cellular and physiological processes. In addition to expression data, 5' 
SAGE can also facilitate genome annotation through mapping the SAGE tags to the 
genome to indicate transcription start sites. Promoter studies can be facilitated as 
well since upstream of the transcription start sites is the promoter region. 
Therefore, the project aims to perform 5' SAGE analysis from dikaryotic 
mycelium and primordium of Coprinopsis cinerea and map these SAGE tags to the 
genome. The reliability and accuracy of the 5' SAGE data set will be confirmed by 
Northern blot analyses and quantitative real time PGR of selected genes. In this way, 
the genes differentially expressed in these two developmental stages can be identified 
and characterized. Through comparing with the previously established SAGE and 
EST datasets from another edible mushroom Lentinula edodes, important players 
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during fruiting body initiation can be revealed and a better understanding of the 
fruiting body development is possible. 
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Chapter 2 5，Serial Analysis of Gene Expression (5，SAGE) 
from mycelial and primordial stages of C. cinerea 
2.1 Introduction 
Coprinopsis cinerea, commonly known as the inky caps, is one of the model 
organisms widely used to study developmental processes and mushroom biology in 
homobasidiomycetous fungi. Over the past few decades, various molecular 
techniques had been applied to generate large amounts of data in the fields of fruiting 
body development, meiosis, mating factors, enzyme production and gene silencing 
for this mushroom. 
As gene expression determines the overall characteristics of an organism, 
transcriptome analysis has become popular in the era of functional genomics. Until 
now, no comprehensive analysis of the transcriptome of C. cinerea has yet been 
performed. In fact, its easy cultivation in laboratory and the availability of the 
genome sequence facilitate extensive downstream genetic and molecular studies. 5' 
SAGE analysis on C. cinerea generates precious data towards a better understanding 
of its various physiological processes. 
In the earlier years, gene expression data was generated by techniques like 
cDNA subtraction and differential display, but they could not provide direct 
information on abundance (Liang and Pardee, 1992). Other methods like expressed 
sequence tags (EST) (Adams et al., 1991), RNA blotting, ribonuclease (RNase) 
protection and reverse transcriptase-polymerase chain reaction (RT-PCR) are able to 
deliver information on abundances, but they only evaluate a limited number of genes 
at a time (Velculescu et al., 1995). Nowadays, transcriptome data is mainly generated 
through the SAGE-derived technologies (Velculescu et al., 1995) and oligonucleotide 
microarrays. The original SAGE protocol was capable to extract short sequence tags 
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(10-14bp) from each mRNA transcript near the 3，end, and each tag contains 
sufficient information to uniquely identify a transcript. The frequency of each tag 
reveals the expression level of the corresponding gene. 
Since SAGE was invented in 1995, it underwent a number of modifications, for 
instance, LongSAGE (Saha et al.，2002) and SuperSAGE (Matsumura et al., 2003) 
extended the tag length to 21 and 26bp respectively, and 5' (Zhang and Dietrich, 
2005) and 3’ SAGE (Wei et al, 2004) define the transcription start sites and 
termination sites. Compared with the original SAGE, 5' SAGE allows comparison of 
gene expression patterns between different developmental stages, and also maps the 
transcription start sites to the genome, thereby facilitating promoter analysis. 
Figure 2.1 shows a schematic diagram illustrating the major procedures of the 5' 
SAGE. First of all, mRNA isolated from total RNA of the respective stages are 
reverse transcribed into cDNA using SuperScript III reverse transcriptase and 
oligo(dT) primer. As the enzyme adds a few deoxycytosine residues to the 3' end of 
the newly synthesized cDNA, a template switching primer was added to introduce 
additional sequences containing the restriction enzyme Mmel recognition site. Mmel 
cuts 20/18bp downstream of the recognition site, resulting in tags of about 50bp long. 
Two tags were ligated together to form a ditag. 
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Figure 2.1 A schematic diagram illustrating the major procedures in 5’ 
S A G E . The isolated mRNAs from mycelium and primordium were 
reverse-transcribed using SuperScript III reverse transcriptase and template 
switching primers. Anchor primers and oligo(dT) were used for ds cDNA synthesis. 
The cDNAs were then digested by Mmel to generate 50bp tags. Two 50bp tags were 
ligated to give a lOObp ditag, which will be sequenced by sequencing-by-synthesis. 
The ditags were then sequenced in a sequencing-by-synthesis approach at 454 
Life Sciences in an integrated system based on pyrophosphate sequencing. Individual 
tags were then extracted from the ditags using Perl scripts. As the current C. cinerea 
genome annotation contains no gene expression data, these tags provide valuable 
information on the expression of genes in the mycelial and primordial stages. 
C cinerea genome annotation is still ongoing and can be accessed online at 
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http://genome.semo.edu/cgi-bin/gbrowse/cc/. The website uses genomic sequence 
data from Broad Institute and is maintained by the Southeast Missouri State 
University. Gene predictions and other information are continuously contributed by 
the Coprinopsis research community. Under this genome annotation, all predicted C. 
cinerea genes exist as gene models known as the GLEAN models (a model 
comprising the exons and introns, franked by the start and stop codons). All 
important features, such as Coprinopsis known genes, ESTs, Pfam domains and 
BLASTX results, are readily available as different track options. Users can search the 
genome in terms of genome assembly contig positions, GLEAN models, domains, 
genes or even EST identities. Figure 2.2 shows an overview of the Coprinopsis 
cinerea genome annotations website. 
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Figure 2.2 An overview of the C. cinerea genome annotations website, using 
galactose binding lectin {cgl2) as an example to illustrate various features 
available for analysis (http://genome.semo.edii/cgi-biii/gbrowse/cc/). 
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2.2 Materials and Methods 
2.2.1 5，SAGE libraries construction 
2.2.1.1 Mushroom mycelium and primordium cultivation 
The C. cinerea strain used is a dikaryotic strain (with 50% Okayama-7 origin) 
backcrossed with Okayama-7, the monokaryotic strain used for the genome 
sequencing project, for 5 generations. This means that the strain is �98.44% 
homologous to Okayama-7 while retaining the ability to fruit, thus allowing fruiting 
bodies to be analyzed. 
The C. cinerea strain was cultivated on YMG medium containing yeast extract, 
malt extract and potato dextrose solidified with Bacto® agar. The mycelium was 
cultured on agar plates at 37°C for about 7 days until the mycelium covered the 
whole agar surface. The primordium was induced by incubating the mycelial culture 
at 25°C under a light/dark regime of 14/lOhr. The incubator was kept at a relative 
humidity higher than 60%. 
2.2.1.2 RNA extraction 
Total RNA was extracted from mycelium when they grew over the whole agar 
surface, and from stage 1 primordium when they grew to a height of about 5mm. 
The RNAs are extracted by TRI® reagent (Molecular Research Center, Inc). All 
sample handling instruments including mortars, pestles, spatulas, forceps and blades 
are pre-baked at 300�C overnight and cooled to -20�C before use. Latex gloves and 
pipette tips were free of RNase contamination. Samples were freshly scraped or cut 
into the mortar soaked with liquid nitrogen and were immediately grinded to 
powder-like form by the pestle. About lOOmg of samples were then transferred to 
each RNase-free microcentrifuge tube containing 1ml of TRI® reagent and the tubes 
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were vortexed for 15 minutes at room temperature. After vortexing, the tubes were 
centrifuged at 4°C at 12,000xg for 10 minutes and the supernatant were transferred to 
new microcentrifuge tubes. 0.2ml chloroform was then added to each of the tubes 
followed by vigorous shaking of 15 seconds and incubation at room temperature for 
15 minutes. The tubes were centrifuged at 4°C at 12,000xg for 15 minutes. After 
centrifugation, the RNA-containing top aqueous phase was carefully transferred to 
new microcentrifuge tubes, where 0.25ml salt solution (0.8M sodium acetate, 1.2M 
sodium chloride) and 0.25ml isopropanol were added for RNA precipitation. The 
mixtures were then incubated at -20°C for half an hour followed by centrifugation at 
4°C at 12,000xg for 8 minutes. The supematants were discarded and the RNA pellets 
were washed by 1ml 70% ethanol. The washed pellets were centrifuged again at 
12,000xg for 5 minutes. After discarding the supematants, the pellets were allowed to 
dry in room temperature for 8 minutes and subsequently resuspended in 20|il of 
DEPC-treated water by incubating at 55°C for 10 minutes. The RNAs were kept at 
-80°C until use. 
As the quality of RNA is crucial for SAGE experiments, the integrity and purity 
of RNA had to be checked beforehand. The quality of RNAs was examined by 
loading 1|li1 of the samples in 1.2% formaldehyde agarose gel. Concentration and 
OD260/280 ratio were determined by Gene Quant II (Pharmacia Biotech) by diluting 
the samples 70 times with DEPC-water. 
2.2.1.3 Isolation of mRNA 
Isolation of mRNA was performed with PolyATract® mRNA isolation system 
from Promega. Procedures were based on manual from manufacturer with some 
minor amendments. Two separate reactions were set up: one for mycelium and one 
for primordium. First of all, about Img of total RNA was pooled and brought to a 
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final volume of 500|LI1. The RNA was incubated at 65°C for 10 minutes followed by 
addition of 3|il of biotinylated-Oligo(dT) and 20|il of 20X SSC solution. The tubes 
were allowed to cool to room temperature for probe annealing. 
Tubes containing streptavidin-paramagnetic particles (SA-PMPs) were 
resuspended by gentle flicking and subsequently captured by the magnetic stand and 
washed by 0.5X SSC (300jjl per wash) for 3 times. After the final wash, the 
SA-PMPs were resuspended in 100|LI1 of 0.5X SSC. 
Then, all the content of the annealing reaction was added to the washed 
SA-PMPs followed by incubation at room temperature for 10 minutes with 
occasional mixing by inverting every 1-2 minutes. The SA-PMPs were captured and 
washed with O.IX SSC (300ILI1 per wash) for 4 times. After the final wash, the 
mRNAs were eluted twice, with lOOjul and ISOjil of RNase-free water respectively. 
The eluted mRNAs were precipitated by mixing with 50|ul of 3.75M ammonium 
acetate, 300]li1 100% isopropanol and 3[i\ glycogen. The mixture was incubated at 
-20°C overnight, followed by centrifugation at 14,000xg for 20 minutes. The pellets 
were washed with 1ml cold 70% ethanol and finally resuspended in 12|al 
DEPC-water. 
2.2.1.4 cDNA synthesis 
First strand cDNA was synthesized using SuperScript™ III First-Strand 
Synthesis System for qRT-PCR from Invitrogen. Two separate first strand synthesis 
and template switching reactions were applied for each developmental stage 
(mycelium and primordium). Each of the reactions contains 5|Lig of mRNA, 2|ul of 
template switching (TS) oligo A or B (TS oligo A: 
5 ’ -GGGATTTGCTGGTGC AGTAC AGGATCCGACggg-3，； TS oligo B: 
5‘-GCTGCTCGAATTCAAGCTTCTGGATCCGACggg-3 ‘, where 'g' stands for 
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ribonucleotide), and 9)al of DEPC-H2O. The reactions were incubated at 6 5 � C for 5 
minutes and were then placed on ice immediately. After that, 20|nl of 2X RT Reaction 
Mix and 4jul of RT Enzyme Mix were added to the reactions to make the total 
volume 40|LI1. The tubes were then incubated at 4 2 � C for 90 minutes followed by 
incubation at 85°C for 5 minutes. 2|LI1 of RNaseH was added for mRNA digestion at 
37°C for 20 minutes. The reactions were kept on ice. 
Second strand cDNA synthesis was performed by low cycle primer extension 
using Advantage® 2 polymerase (Clontech). 10|LI1 of lOX Advantage 2 PCR buffer, 
4|al of dNTP (lOmM each), 4|il of CDS primer (lOjuM) 
(5‘ -CAGTGGTATCAACGCAGAGTAC(dT)2oVN-3‘), 4ix\ of Anchor primer A or B 
(lO^iM) (Anchor primer A: 5‘-GGGATTTGCTGGTGCAGTACAGGATCCGAC-3‘； 
anchor primer B: 5‘-GCTGCTCGAATTCAAGCTTCTGGATCCGAC-3‘), 3|li1 
Advantage® 2 polymerase and 33|al ddHiO were added to each 42 jL i l first strand 
reactions. The reactions underwent a PCR cycle of 72°C for 5 minutes; 95°C for 45 
seconds; 95°C for 10 seconds, 55°C for 30 seconds, 6 8 � C for 4 minutes for 5 cycles 
and 68°C for 3 minutes. The PCR products were then purified using QIAquick PCR 
purification kit from Qiagen and were eluted in 30^1 of ddHiO. Thus, for each 
developmental stage, there were two portions of cDNA to be digested by Mmel. 
2.2.1.5 Mmel digestion and Polyacrylamide gel electrophoresis 
The 30|J1 CDNA synthesis reactions were mixed with 5|LI1 of lOX NEB buffer 4, 
1.8|LI1 SAM (1.6mM), 5|LI1 Mmel (211尔1) and 8.2|al of ddHiO. The final volumes were 
50jil and the reactions were incubated at 37°C for 2 hours for complete digestion. 
Then, 150|al of low salt TE buffer (LoTE) (2.5mM Tris HCl, 0.25mM EDTA, pH8.0) 
was added to the reactions followed by extraction with 200|j1 phenol/chloroform. 
After centrifugation,�200|li1 of the upper phase was transferred to new 
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microcentrifuge tube, where 133|il 7.5M ammonium acetate, 1ml 100% ethanol and 
3|li1 glycogen were added. The mixtures were incubated at -20�C overnight followed 
by centrifugation at 15,000rpm at 4°C for 30 minutes. The cDNA pellets were then 
washed by 1ml 70% ethanol and finally resuspended in 10)^ 1 LoTE. 
The digested cDNA fragments were electrophorezed using polyacrylamide gel. 
The gel was cast at 15% using 40% (w/v) 29:1 acrylamide/bis-acrylamide solution in 
a final concentration of IX TBE solution and had a dimension of 8.3 x 7.3cm, with a 
thickness of 0.75mm. All volumes of digested cDNA fragments were loaded into the 
wells and were electrophorezed using Mini-PROTEAN electrophoresis system 
(Bio-Rad Laboratories, Inc.). 
After electrophoresis, the � 5 0 b p bands were excised and disrupted by 
mechanical force. Subsequently, 150|LI1 solution (125|LI1 LOTE, 25JLI1 7.5M ammonium 
acetate) was added and the mixtures were incubated at 4°C overnight followed by 
another incubation at 37 °C for 1 hour. The mixtures were then centrifuged at 
15,000rpm for 10 seconds and ~150|ul solution was collected from each tube. At this 
point, the two portions of Mmel-digested cDNA were pooled together and were 
precipitated by 150|LI1 7.5M ammonium acetate, 1ml 100% ethanol and 3|LI1 glycogen 
at -70°C for 4 hours. Pellets were then collected by centrifugation at 15,000rpm at 
4°C for 30 minutes. The pellets were washed by 1ml cold 70% ethanol. After drying 
in air for 5 minutes, the Mmel-digested cDNA was resuspended in 5JLI1 LOTE. 
2.2.1.6 Formation and amplification of ditag 
The two portions of Mmel-digested cDNA were ligated to form lOObp ditags. 
The 5|il of digested products were mixed with l|ul lOX T4 ligation buffer, 1.5jul 
Tris-HCl, 1.5jil T4 DNA ligase (400U/|il) and l^il ddHzO. The ligation reaction 
proceeded at 16°C overnight and was terminated by incubation at 65°C for 10 
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minutes. 
The 10|Lil ligation products were divided into two portions for PGR 
amplification of the ditags. Each reaction contained: 5|LI1 lOX Mg-free buffer, 3.5|il 
M g C l 2 , 2.5|il dNTP (lOmM each), 5|LI1 anchor primer A (lOuM), 5|LI1 anchor primer B 
(lOuM), 5|il ditags, 1|LI1 Platinum® Taq polymerase and 22.5|nl dcfflbO to make the 
final volume 50|LIL The mixtures then underwent a PGR cycle of 9 5 � C for 2 minutes; 
95°C for 30 seconds, 65°C for 45 seconds, 7 2 � C for 20 seconds for 10 cycles and 
72°C for 3 minutes. 
The two PGR reactions were pooled together with addition of lOOjul LoTE and 
extracted by 200|LI1 phenol/chloroform. ~200|il upper phase was collected and was 
precipitated by 133|LI1 7.5M ammonium acetate, 1ml 100% ethanol and 3jal glycogen 
at -20°C overnight. Pellet was obtained by centrifugation at 15,000rpm at 4 � C for 25 
minutes and subsequently washed by 70% ethanol. Finally, the pellet was 
resuspended in 15|LI1 ultra-pure water. 
2.2.2 Identification of lOObp ditag 
The identity of the lOObp ditag was confirmed by TA cloning using cloning 
vector pMD18-T (Takara Biotechnology). For both mycelial and primordial stages, 
2|ul of the PGR product of the lOObp ditag was mixed with 0.5|nl pMD18-T vector 
and 5|nl ligation mix. The reaction mixtures were incubated at 16°C for 30 minutes 
followed by incubation with DH5a competent cells on ice for 30 minutes. The cell 
cultures then underwent heat-shock transformation at 42°C for 45 seconds and were 
placed on ice for more than 1 minute. After that, 890|Lil SOC medium was added to 
the cultures followed by incubation at 37°C for an hour. The cells were then spun 
down and total volume was reduced to 200|il. lOOjul of each culture was spread on 
LB-ampicillin selection plates and the plates were incubated at 37°C for 16 hours. 
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Single colonies were screened using screening primers ^caBest™ Ml3-47 and 
5caBest™ RV-M. The PGR protocol was similar to that used for amplification of the 
lOObp ditag, except that the annealing temperature was changed to 55°C and 
extension lasted for 30 seconds for 30 cycles. 
Products of PGR screening with expected size were purified using Qiagen PGR 
purification kit and were eluted in 40|LI1 ddHsO. 15|LI1 was used for sequencing with 
BcaBesi™ Ml3-47 primer at TechDragon Limited. 
2.2.3 High throughput pyrosequendng 
The ditags were shipped on dry ice to 454 Life Sciences (Connecticut, U.S.A.) 
for pyrosequendng on GS20 sequencer. The samples from the mycelial and 
primordial stages were run on two separate region metrics. Before shipping, the 
ditags were checked by agarose gel electrophoresis and spectrophotometry. OD ratios 
and DNA concentrations were recorded. 
2.2.4 Tags extraction from ditags 
Perl scripts were written to extract individual tags from the ditags and for 
genome mapping and expression abundance comparison. The sequenced ditags were 
first checked for the presence of the two Mmel recognition sites and that the length 
flanked by the two recognition sites was between 38-40bp. Qualified ditags were 
then subjected to tag extraction. 
From each of the ditags, the first tag was obtained by extracting 20bp 
downstream of the first Mmel recognition site, and the second tag was defined as 
20bp upstream of the second Mmel recognition site. Subsequently, individual bases 
of the tags were checked for Quality Scores. All bases were ensured to attain a 
Phred-equivalent quality score of at least 20 (a score of 20 implies that the estimated 
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error probability of that base is 0.01), except for those homopolymer stretches 
bases in which the fourth nucleotide (and onwards) usually has a lower quality score. 
Qualified tags then had all the starting 3-5 guanine nucleotides removed (as 
these Gs were added during reverse transcription by the reverse transcriptase). This 
resulted in tags with a length of 15-17 nucleotides. 
2.2.5 Genome mapping and annotation 
The individual tags were first grouped to generate a set of tags known as the 
unique tags (non-duplicated tags). Perl scripts were written to match the tags to the 
genome sequence and the numbers of tags for ‘unique match to genome', 'multiple 
matches to genome' and ‘no matches to genome' were recorded. Those with a single 
exact match to the genome were retained for further downstream expression analysis. 
Moreover, the positions and orientations where the tags were matched with respect to 
each gene (Open reading frame) were also recorded in relations to the putative 
5，-UTR, coding region and putative 3'-UTR. 
The full set of mycelial and primordial unique tags were uploaded to the C. 
cinerea genome annotations website in form of a track comprising the ‘5, SAGE tags 
(mycelium)' and '5' SAGE tags (primordium)' sub-tracks. 
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2.3 Results 
2.3.1 5，SAGE libraries construction 
2.3.1.1 cDNA synthesis 
The integrity and purity of the total RNA extracted were assessed by 
formaldehyde agarose gel and spectrophotometry. The ratio of the absorbance 
(A260/280) was around 1.8, indicating little protein and DNA contaminations. On tY\e 
denaturing gel, the RNA showed clear and sharp 28S and 18S rKNAbands and no 
obvious degradation of RNA was observed. 
The cDNA for 5’ SAGE libraries construction was synthesized from mRNA. 
isolated from the total RNA. The first strand cDNA was synthesized using 
superscript III reverse transcriptase and template switchmg primers. T\\e 
double-stranded cDNA was synthesized by low cycle primer extension and sYiowed a 
continuous spectrum of size ranged from �300bp to ~4kb on a 1.5% agarose gel, 
indicating that transcripts of various sizes were included (Figure 2.3). 
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Figure 2.3 Agarose gel electrophoresis of double-stranded cDNA. syntties 
from mRNA isolated from mycelium and stage 1 primordium 
cinerea. The cDNA showed a size range of ~300bp lo �4Wo on t\\e \.5% c 
gel, indicating that the cDNA contains all transcripts of various sizes. 
2.3.1.2 Mmel digestion and ditag formation 
The cDNA from mycelium and stage 1 primordium was digested with Mmel at 
37°C for 2 hours to give 50bp fragments. Following phenol/chloroform extraction 
and ethanol precipitation, the Mmel-digested fragments were electrophorezed on 
15% polyarcylamide gel. Sharp bands at the 50bp position were observed, indicating 
successful integration of the introduced sequences through template switching 
primers during cDNA synthesis and digestion by Mmel (the length of the template 
switching primer is 30bp. As Mmel cuts 20bp downstream of the recognition site and 
the recognition site is located at the most 3’ bases, therefore the digested fragments 
were 50bp). The bands at ~50bp were excised, pooled, purified and ligated at 16°C 
overnight to give lOObp ditags. The ditags were then amplified by 10 cycles of PGR 
and the purified products were analysed on a 2% agarose gel. Figure 2.4 and 2.5 
show the 50bp fragments following Mmel digestion and the lOObp ditags after PGR 
amplification. 
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Figure 2.4 Polyacrylamide gel electrophoresis of the 50bp fragments after 
Mmel digestion of mycelial and primordial cDNA. Sharp bands at the 
50bp position on a 15% PA gel indicated successful integration of Mmel recognition 
site during cDNA synthesis and Mmel digestion. 
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Figure 2.5 Agarose gel electrophoresis of lOObp ditags after low-cycle PGR 
amplincat ion. Main bands were observed at the lOObp position of the 2% 
agarose gel, indicating successful ligation of the two 50bp Mmel-digested 
fragments. 
2.3.2 Identification of lOObp ditags 
Small portions of the lOObp ditags from the mycelial and primordial 5’ SAGE 
libraries were cloned using TA cloning. Sequencing of some cloned lOObp ditags 
revealed that they contained the sequence information as expected. Figure 2.6 shows 
the information of one of the sequenced clones. The sequence consisted of the 
pMD18-T vector sequence (blue) flanking the ditag sequence, and in between the 
two template switching primers (green and red) sequence are the two 5' SAGE tags. 
By default, the first tag is extracted 20bp downstream of the first Mmel recognition 
site and the second tag is extracted 20bp upstream of the other recognition site. 
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GTGAACACGGCAGTGCCAGCTTGCATGCCTGCAGGTCGACGATTGGGATTTGCTGGT 
广 ~ — Tag 1 � 
GCC4TACAGGATCCGACGGGGCACCAACTCCTTTTTTTGATAGCATGACGGCGCCCGT 
V Tag 2 ^ 
CGGATCCAGA?X4CTTGMTTCGAGCAGCAATCTCTAGAGGATCCCCGGGTACCGAGC 
TCGAATTCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATGGTTTATCCGCTCAG 
H pMD 18-T vector sequence H TS oligo A/B primer sequence 
Mmel recognition site Tag sequence 
Figure 2.6 Sequence information of one of the cloned lOObp ditags from the 
mycelial stage. The ditag sequence is flanked by the vector sequence, and the 
two 5' SAGE tags are located in between the two Mmel recognition sites. 
2.3.3 High throughput pyrosequencing 
Data from pyrosequencing on GS20 sequencer contained a total of 83,048 and 
115,761 sequence reads for mycelial and primordial stages respectively. With an 
average read length of 95.5 bases, this accounted for almost 19Mb (18,987,797 bases 
to be exact) of sequence. Table 2.1 summarizes the primary data obtained and Figure 
2.7 shows the read length distribution of all sequence reads. 
Table 2.1 Summary of raw data obtained from GS20 pyrosequencing. 
Samples Mycelial ditags Primordial ditags Total 
Reads 83,048 115,761 198,809 
Bases 7,934,028 11,053,715 18,987,797 
Average read length ^ ^ 95.5 
The raw data of the pyrosequencing consisted of 83,048 and 115,761 reads for the mycelial and 
primordial stages respectively, with an average read length of 95.5 bases for both stages. 
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2.3.4 Tags extraction from ditags 
According to the extraction criteria stated in Materials and Methods, a total of 
107,046 and 146,369 tags were extracted from the mycelial and primordial 5' SAGE 
libraries respectively. This represented a tag yield rate of 64.4 % for the former and 
63.2% for the latter, and these figures are comparable to a previous study on potato 
tubers by Nielsen et al. (2006). After grouping the tags using Perl Scripts, 38,366 
unique (non-duplicated) mycelial tags and 51,521 unique primordial tags were 
obtained (Table 2.2). 
Among the mycelial tags, 940 unique tags (2.45%) had an occurrence of 10 or 
above while 4,259 (11.1%) occurred 3 times or above and the unique tags had an 
average occurrence of 2.79. For the primordial tags, 1,584 unique tags (3.07%) had 
an occurrence of 10 or above while 7,656 (14.9%) occurred 3 times or above and the 
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unique tags had an average occurrence of 2.84. 
2.3.5 Genome mapping and annotation 
The mycelial and primordial unique tags were mapped to the C. cinerea genome 
using the sequences from the Broad Institute. The mapping process resulted in three 
categories of unique tags: tags matched to a single site on the genome, tags matched 
to multiple sites of the genome and tags without an exact match. For the mycelial 
tags, 29,858 out of 38,366 tags (77.8%) matched uniquely to the C. cinerea genome. 
2,732 (7.12%) matched to multiple positions and 5,776 (15.1%) could not match to 
any position. 
For the primordial tags, 40,083 out of 51,521 tags (77.8%) matched uniquely to 
the genome. 3,676 (7.13%) matched to multiple positions and 7,762 (15.1%) could 
not be matched to any position. The results for tag extraction and genome mapping 
are summarized in Table 2.2. 
For each of the tags matched uniquely to the genome, their positions of mapping 
were also recorded. The tags were categorized into seven groups depending on the 
relative positions of the gene model (Table 2.3). 
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Table 2.2 Summary of the tag extraction and genome mapping. 
Mycelium 5，SAGE Primordium 5，SAGE 
Total valid tags 107,046 146,369 
Total unique tags 38,366 51,521 
Tag occurrence 
- ^ 10 940 (2.45%) 1,584 (3.07%) 
- 2 3 4,259 (11.1%) 7,656 (14.9%) 
Genome mapping 
-Unique match to genome 29,858 (77.8%) 40,083 (77.8%) 
-Multiple matches to genome 2,732 (7.12%) 3,676 (7.13%) 
-2-4 matches 2,517 (6.56%) 3,376 (6.55%) 
-5-10 matches 153 (0.40%) 195 (0.38%) 
- ^ 1 1 matches 62 (0.16%) 105 (0.20%) 
-No match to genome 5,776 (15.1%) 7,762(15.1%) 
Table 2.3 Gene-associated positions of tags mapped to the C. cinerea genome. 
Mycelium 5，SAGE Primordium 5，SAGE 
Unique tags Occurrence Unique tags Occurrence 
Putative 5'-UTR 
a 10,514(35.2%) 49,718 (56.5%) 15,071 (37.6%) 61,964(52.4%) 
(-1000, -1) 
Coding region 
9,354 (31.3%) 13,201 (15.0%) 12,141 (30.3%) 20,195 (17.1%) 
(sense) 
Putative 3’-UTR 
a 1,531 (5.1%) 2,867 (3.3%) 1,791 (4.5%) 3,031 (2.6%) 
(+1，+500) 
Putative 5'-UTR 
h 1,541 (5.2%) 4,363 (5.0%) 2,089 (5.2%) 8,826 (7.5%) 
(Anti-sense) 
Coding region 
h 3,043 (10.2%) 6,030 (6.8%) 4,306 (10.7%) 8,902 (7.5%) 
(Anti-sense) 
Putative 3’-UTR 
. 1,179 (3.9%) 2,231 (2.5%) 1,492 (3.7%) 2,889 (2.4%) 
(Anti-sense) 
Unclassif ied e 2,696 (9.0%) 9,643 (10.9%) 3,193 (8.0%) 12,450(10.5%) 
Total 29,858 (100%) 88,053 (100%) 40,083 (100%) 118,257 (100%) 
a The (-1000, -1) refers to position upstream of the annotated ATG start codon, while (+1’ +500) refers 
to position downstream of the STOP codon. 
b 'Anti-sense' means that the tag is in opposite orientation of the annotated 5，-UTR，coding region or 
3'-UTR. 
e 'Unclassified' means that the tags could not be assigned to any annotated gene. 
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The 29,858 mycelial and 40,083 primordial uniquely-matched tags were 
combined together, and a total of 62,865 non-duplicated uniquely-matched tags were 
isolated. Of the 62,865 tags, 45,290 (72%) were located in the region l,000bp 
upstream of the ATG start codon to 500bp downstream of the stop codon. Among 
these 45,290 t a g s , � 4 7 % were mapped to the putative 5，-UTR, -46% to the coding 
region and the rest to putative 3’-UTR. Investigation into the tags mapped to the 
coding region showed that they are likely resulted from premature termination during 
reverse transcription or degraded mRNA template, because >92% of these tags were 
found to occur only once or twice, thereby suggesting that most of them are indeed 
spurious. However, tags with higher occurrence may represent genuine unannotated 
transcripts on the same strand as increasing evidence has revealed significant 
complexity in various genomes in terms of overlapping transcripts (Kapranov et al, 
2007). 
Considering the tags mapped to the putative 5'-UTR, most of them were located 
within 200bp upstream relative to the ATG start codon (Figure 2.8). This distance 
was longer than that previously reported in yeast, in which most transcripts start 
within 15-75bp upstream of the start codon (Zhang and Dietrich, 2005). However, in 
line with their observation, more than 90% of the tags with an occurrence more than 
3 were within the first 500bp of the putative 5'-UTR. 
A remarkable number of potential anti-sense transcripts were also identified. 
Out of the 62,865 tags, 12,153 (19%) were in anti-sense orientation. Approximately 
half (53.6%) of them were located in the coding region, with roughly equal 
proportions in the putative 5'-UTR (25.9%) and 3’-UTR (20.5%). Moreover, for 
approximately 9% of the 62,865 tags, there was no gene annotations for the region 
Ikb upstream or downstream and thus were grouped as unclassified. 
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Figure 2.8 Distribution of tags mapped to the putative 5，-UTR upstream 
relat ive to the start codon . Most transcriptional start sites were located 
within 200bp upstream of the start codon, and more than 90% of the tags having an 
occurrence more than 3 were within the first 500bp of the putative 5'-UTR. 
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2.4 Discussion 
2.4.1 5' SAGE libraries construction 
5’ SAGE allowed simultaneous analysis of the transcriptomes between mycelial 
and primordial stages and transcription start sites of various genes in the genome of 
C. cinerea. This promotes the characterization of differentially expressed genes 
which may play an important role during fruiting body initiation and development. 
Defining transcription start sites also facilitates studies of the promoter and potential 
regulatory elements. 
5' SAGE libraries for the mycelial and primordial stages were successfully 
constructed. During the construction of the libraries, a number of experimental 
conditions had to be optimized and a few problems had to be overcome, therefore it 
took longer time than expected to synthesize the ditags for pyrosequencing. 
Pyrosequencing from 454 Life Sciences yielded almost 19Mb of sequences, 
which demonstrated 95% of the theoretical capacity of the GS20 sequencer. This 
figure is comparable to previous studies (Gowda et al., 2006; Nielsen et al., 2006). In 
addition, no average read length data had been reported before, but at 95.5bp average 
read length, the tag extraction process was not hindered. 
2.4.2 Tags extraction and genome mapping 
A total of 253,415 valid tags were extracted from 198,809 ditag sequences, 
representing a tag yield rate of 63.7%. Most ditags were discarded because they did 
not possess the three or more deoxyguanine or deoxycytosine nucleotides added as a 
consequence of the template switching primers, or the length of the sequence flanked 
by the two Mmel recognition site were not equal to 38-40bp. The latter was probably 
a result of improper cutting of Mmel at positions other than the typical 18/20bp 
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downstream of the recognition site, which had also been suggested by Zhang and 
Dietrich (2005). As observed in other SAGE libraries, a majority of unique tags 
(more than 85%) occurred only once or twice (Hashimoto et al., 2004; Zhang and 
Dietrich, 2005). This was also observed in the 5' SAGE dataset, in which 88.9% and 
85.1% of tags had an occurrence of only one or two in the mycelial and primordial 
stages respectively. These tags are usually regarded as results of sequencing errors or 
premature termination during reverse transcription, but may also emphasize the high 
sensitivity of 454 high-throughput pyrosequencing to detect rare transcripts that are 
hardly detectable by the ordinary SAGE protocols or EST-based approaches. In fact, 
during the analysis of transcription start sites (TSS), we noticed that in a series of 
TSSs for a particular gene, some of the start sites were rarely used, thus giving a low 
occurrence of the correspond tags (Section 2.4.3). 
The proportion of tags matched uniquely to genome (-77.8%), matched to 
multiple positions (�7.12%) and unable to be matched to the genome (�15.1%) was 
similar for both mycelial and primordial stages. Comparing the proportion of 77.8% 
of unique matching tags to several reported 5' SAGE libraries including 
Saccharomyces cerevisiae (70.8%) (Zhang and Dietrich, 2005), HEK293 human cell 
(77.5%) (Hashimoto et al., 2004) and E14 mouse embryonic stem cell (55.8%) (Wei 
et al., 2004), it showed similar or even higher percentage. This higher percentage 
may be attributed to a small genome size or little strain sequence discrepancies with 
the reference strain. On the other hand, in a mapping study of human LongSAGE 
tags by Keime et al. (2007), it was suggested that tags occurring only once had a 
significantly lower mapping percentage than those with multiple occurrence. 
However, in this project, this phenomenon was not observed as the mapping rate for 
singly occurred tags (77.3% for Myc and 76.8% for Pri) was similar to those 
multiply occurred tags (79.6% for Myc and 80.4% for Pri). This suggests that 
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sequencing errors may not be the major source of the singly occurred tags. In this 
respect, Nielsen et al.’ (2006) also commented on the accuracy of pyrosequencing 
and they claimed that the overall estimates of sequencing error using pyrosequencing 
is in fact lower than the traditional Sanger sequencing. Also, the tags are well within 
the first 90bp of the ditag sequences, which were determined with the highest 
accuracy (Margulies et al., 2005). 
Approximately 15% of the tags could not match to the genome. It is proposed 
that the major reasons for this are strain sequence discrepancies (as the sequenced 
strain is a monokaryon while the strain used in the project is a dikaryon), sequencing 
errors and single nucleotide polymorphisms. As suggested by Keime et al. (2007), a 
smaller proportion may be a result of tags spanning two exons. 
2.4.3 Observations based on the genome mapping data 
Considering the tags that matched uniquely to the C. cinerea genome, 72% were 
mapped to the region from l,000bp upstream of the ATG start codon to 500bp 
downstream of the stop codon of annotated genes in a sense orientation and 19% 
were in anti-sense orientation. The percentage for tags mapped in anti-sense 
orientation to annotated genes is higher than that previously reported in yeast (Zhang 
and Dietrich, 2005), and this may imply a more complex genome structure in C. 
cinerea. On the other hand, for the tags mapped in sense orientation and had an 
occurrence of 3 or above, approximately 80% of these tags in both mycelial and 
primordial stages were mapped to the putative 5'-UTR, thus suggesting that they 
likely represent genuine transcription start sites. Based on the genome mapping data, 
a number of observations were made. 
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Alternative transcription start sites. There is great interest in elucidating the control 
of transcription initiation, as it is one of the major components of gene regulatory 
networks that underlie the development and diversity of organisms (Levine and 
Davidson, 2005). Core promoter themselves were previously believed to be 
functionally simple, but recent data suggested that they are indeed structurally 
complex, with a range of alternative TSSs at the base pair level (Kawaji et al., 2006). 
As observed in many 5' SAGE and full-length cDNA analyses such as those on yeast 
(Zhang and Dietrich, 2005), human (Hashimoto et al., 2004), maize (Gowda et al., 
2006) and Arabidopsis (Alexandrov et al, 2006), alternative transcription start sites 
were also discovered in C. cinerea which is signified by an array of closely located 
initiation sites. Investigation of the most highly expressed genes in the mycelial and 
primordial stages reveals that all of them have more than one TSS and there is 
always one or two more preferred TSSs. Such phenomenon is exemplified by the 
gene encoding 60S ribosomal protein L24 (GLEAN_00733), which was highly 
expressed in the primordial stage (Figure 2.9). The gene was suggested to have 12 
transcription start sites and two of them were predominant over the rest. 
A key issue to this phenomenon is that whether it is merely a 'biological noise' 
resulted from imprecise binding of basal transcription factors or whether TSSs are 
precisely regulated. Kawaji et al. (2006) showed that, from extensive Cap Analysis 
of Gene Expression (CAGE) studies, TSSs are tissue-specifically utilized, thereby 
proposing a new level of biological complexity within promoters and a relationship 
to epigenetic transcriptional regulation. Such observation had also been explicitly 
demonstrated in the Arabidopsis glutathione-S-transferase F8 (GSTF8) gene, in 
which its differential expression and subcellular targeting is achieved through 
alternative TSSs. Thatcher et al. (2007) revealed the complexity of the 
stress-responsive GSTF8 promoter resulted from the use of multiple TSSs to encode 
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two in-frame proteins differing only in their N-terminal sequence. The most 3’ TSS 
gives rise to the smaller, major form of GSTF8, whereas the upstream TSSs are more 
weakly utilized and encode the larger form of the protein. They observed that the 
smaller form of the protein is highly expressed in the root compared with the leaves 
and is much more stress-responsive, while the larger form has opposite expression 
pattern. Moreover, the smaller form is cytoplasmic whereas the larger form is solely 
targeted to the plastids. Intriguingly, investigation into the GST gene 
(GLEAN一 11886) in C. cinerea resulted in similar finding, in which there was a 
single start site located in the putative 5，-UTR and another start site is likely located 
within the first exon. Presumably, this may follow certain level of regulation, as 
depicted in the GSTF8 gene in Arabidopsis. 
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Figure 2.9 Alternative transcription start sites in the gene encoding 60S 
r ibosomal prote in L 2 4 in pr imordia l stage. The gene contains an array 
of 12 different TSSs and two of them are predominant over the others (green box). 
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Presence of anti-sense transcripts. Since RNA was suggested decades ago by Jacob 
and Monad (1961) to bear regulatory roles, a significant number of RNA-based 
regulatory systems and RNA regulators had been characterized. Previous analyses of 
the mammalian transcriptomes proposed that up to 20% of transcripts may contribute 
to sense-antisense pairs (Kiyosawa et al, 2003) and large-scale cDNA sequencing in 
the Functional Annotation of Mouse 3 (FANT0M3) project suggested that antisense 
transcription is more widespread. In this study, transcripts which are in anti-sense 
direction to the 5'-UTR, gene coding region and 3，-UTR were found to account for 
approximately 20% of all the uniquely matched tags in both developmental stages. 
Some of the tags could be identified in both 5' SAGE libraries, implying that they 
did not occur spuriously (Figure 2.10). 
Generally, antisense transcription had been ascribed roles in gene regulation 
involving degradation of the corresponding sense transcripts, as well as gene 
silencing at the chromatin level (Katayama et al., 2005). These tags may represent a 
regulatory mechanism through transcription of non-coding RNAs (ncRNAs) acting 
in a cis interaction with the target. An obvious advantage of debased RNA signaling, 
as suggested by Mattick and Makunin (2005), is the ease in localization of 
interacting RNA components. However, based on global transcriptome analysis, 
increasing evidence is proposing the possibility that antisense transcripts may link 
neighboring genes in complex loci into chains of linked transcriptional units. In fact, 
expression profiling had revealed frequent coincident regulation of sense/antisense 
pairs (and occasional independent regulation) and experimental evidence showed that 
perturbation of an antisense RNA can alter the expression of the sense mRNA 
(Katayama et al, 2005). These data suggested that antisense transcription can affect 
the transcriptional outputs. 
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Figure 2.10 Tags in anti-sense orientation found in the coding region of the 
gene encoding histone H4 in both mycelial and primordial stages. 
The two antisense tags shared the same sequence, meaning that they do not occur 
spuriously and may represent an antisense transcript to the sense mRNA, or an 
unannotated gene as a result of overlapping of transcriptional units in the C. cinerea 
genome. 
New genes prediction. Among the 62,865 unique tags, about 10% of the tags did 
not correlate to any annotated genes according to the criteria used in this study. 
Among these tags, approximately 10% had an occurrence of 3 or above, thus 
suggesting that while most of these tags are probably spurious, some may correspond 
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to unpredicted transcripts or unknown RNA coding genes. 
An increasing amount of evidence shows that eukaryote genomes can be 
transcribed in both strands, implying extensive overlap of transcriptional units and 
regulatory elements (Kapranov et al., 2007). Given the extent of such transcriptional 
overlap, it is also possible that some of the anti-sense transcriptions may actually 
represent transcripts of another functional gene rather than merely a regulatory 
element (Figure 2.9). Probably differential spatial and temporal expression prevents 
the complementarity between the two transcripts. Nevertheless, a recent study 
showed that sense-antisense pairings are also prevalent in human and other 
eukaryotic species, and many are in fact conserved during evolution (Zhang et al., 
2006). 
Improving current genome annotations. In addition to redressing the current 
genome annotations for missing of potential antisense sense transcripts and novel 
genes as commented above, the 5’ SAGE data can also be used to correct some 
conceivable mistakes during annotation. One of the major inaccuracies of genome 
sequence-based annotation is that it is difficult to precisely predict the ATG start 
codon when there are multiple in-frame ATGs close to the 5'-end (Zhang and 
Dietrich, 2005). By default, the most upstream 5' ATG is usually assigned as the start 
codon. Using the TSS data obtained, 383 and 561 tags from mycelium and 
primordium respectively were found to locate in the first 50bp downstream of the 
currently annotated start codon, and investigation into the gene model associated 
with these tags reveals possible errors in annotation. For a number of these genes, no 
or few tags were found in the putative 5'-UTR, and most of the tags were mapped to 
the first exon. This is illustrated by a gene encoding a 60S ribosomal protein P2 
(Figure 2.11)，in which most of the TSS tags are mapped to the first exon rather than 
53 
the 5，-UTR. Studying the gene model shows that an ATG codon is present in the first 
three nucleotides of the third exon, and alignment of the protein sequence with other 
fungal species reveals homology only starting from the third exon. This suggests that 
the first two exons may be erroneously annotated. 
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Figure 2.11 Possible errors in predicting the exon-intron boundary for the 
gene encoding 60S ribosomal protein P2. Most of the TSSs are mapped 
to region within the first exon rather than the 5’-UTR. As an ATG codon is present 
at the first three bases of the third exon, and that homology with other fungal species 
only starts from the third exon, the exon-intron boundary of this gene may be 
erroneously annotated. 
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Chapter 3 Validation of expression patterns of 5，SAGE libraries 
and analysis of differentially expressed genes 
3.1 Introduction 
It is a common practice to validate SAGE data using other molecular techniques 
such as DNA microarrays (Zhang and Dietrich, 2005) and real-time PGR (Siu et al., 
2001; Cimica et al., 2007). In the first 5' SAGE study, Zhang and Dietrich (2005) 
had used yeast whole genome gene expression microarray data for calculation of 
linear regression model using R and shown that the tag abundance was 
well-correlated to the level of gene expression. 
In order to assess the reliability and accuracy of the mycelial and primordial 5' 
SAGE data, northern blotting and quantitative real-time PGR analyses were used to 
examine the expression levels of several selected genes. 
Northern blotting (Alwine et al., 1977) was developed primarily for detecting 
and determining the size of specific RNA molecules, and is now widely employed to 
study expression patterns of transcripts among different RNA samples. It is basically 
applicable for the detection of any RNA species for which an appropriate probe is 
available. The technique involves size-dependent fractionation of total RNA 
molecules in denaturing agarose gel and the use of 28S and 18S ribosomal RNAs 
intensities as loading controls of RNA. Also, the length of probes can be manipulated 
to achieve different specificity of hybridization (Reue, 1998). The expression level of 
a transcript is quantified by the computer-analyzed band intensities following X-ray 
autoradiography or chemiluminescent detection. 
The DIG system provides a convenient, nonradioactive means of probe 
synthesis. It uses dUTP-coupled digoxigenin, a steroid hapten, to label DNA, RNA, 
or oligonucleotides for hybridization. The only prerequisite of this system is that 
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some sequence information of the target sequences is needed for appropriate primer 
synthesis. 
Quantitative real-time PGR, commonly known as real-time PGR, is an effective 
means for measuring gene expression among multiple samples (Gibson et al., 1996; 
Heid et al, 1996). As its name suggests, real-time PGR collects data in real time 
throughout the PCR process, thereby combining amplification and detection into a 
single step. Real-time PCR has several benefits over other methods of quantifying 
gene expression. For instance, it has high and accurate dynamic range (Morrison et 
al., 1998) and requires no post-amplification manipulation. Sensitivity is also much 
higher than RNase protection assay (Wang et al, 1999) and dot blot hybridization 
(Malinen et al., 2003)，and even single copy detection is possible (Palmer et al., 
2003). In addition, real-time PCR requires only small amount of total RNA and 
analysis is possible even only partial sequence of gene is available (Stanton, 2001). 
A real-time PCR reaction is characterized by the point where the target sequence 
is amplified such that the fluorescence intensity surpasses background level and 
begins to increase exponentially, thus a higher concentration of target cDNA template 
(higher expression level) in the starting material means a faster significant increase in 
the fluorescent signal and results in a lower Ct value (Heid et al.，1996). SYBR 
Green I is one of the commonly employed DNA binding dyes due to its low cost and 
readiness to use (Ramos-Payen et al., 2003). Since DNA binding dyes do not bind in 
a sequence-specific manner, accurate results are confirmed by performing melting 
curve analysis (Ririe et al, 1997). 
Traditionally, gene expression data from real-time PCR needs to be normalized 
in order to correct or monitor sample-to-sample variation. This is usually achieved by 
comparing the results against a control gene that may also serve as a positive control 
for the reaction (Wong and Medrano, 2005). This gene, commonly known as the 
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housekeeping gene, should be expressed in an unchanged fashion regardless of 
different experimental conditions. As there is no one gene that can meet this criterion 
for every experimental condition, validation of the expression stability of the gene is 
required prior to its application as a housekeeping gene. A few housekeeping genes 
for C. cinerea had been suggested before, such as G3PDH (Namekawa et al., 2003) 
and Ras (Kikuchi et al., 2004), but they were only tested within a single 
developmental stage in a short time course. Therefore, a housekeeping gene across 
different developmental stages is yet to be found using northern blotting. 
After validation of the expression patterns, the 5' SAGE libraries can be reliably 
used to study differentially expressed genes between mycelium and primordium. The 
expression level of each gene was first evaluated by considering the tags mapped to 
the putative 5，-UTR of the annotated genes, and subsequently the Fisher Exact Test 
was used for confirmation of differential expression. The test is commonly used to 
examine the significance of the association between two variables, especially when 
the chi-square test is not appliable due to a small sample size. Through investigating 
these differentially expressed genes, it is possible to gain insights on how they 
behave during the fruiting process, thereby providing clues on the mechanisms 
underlying the fruiting initiation and development processes. 
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3.2 Materials and Methods 
3.2.1 IdentiHcation of housekeeping gene by Northern Blot analysis 
3.2.1.1 RNA fractionation by formaldehyde gel electrophoresis 
Total RNAs were extracted from dikaryotic mycelium, stage 1 primordium, 
stage 2 primordium, stage 1 immature fruiting body, stage 2 immature fruiting body 
and mature fruiting body by TRI® reagent (Molecular Research Center, Inc.) as 
described in chapter 2. 
5|Lig of total RNAs of each sample was first fractionated by 1% formaldehyde 
gel. The amount of RNA loaded was adjusted using the intensity of 28S rRNA as 
loading control. The gel tank, casting tray and comb were treated with 3% H2O2 for 
10 minutes before use. The formaldehyde gel was prepared by dissolving 0.4g 
agarose in 35ml of DEPC-H2O, and 1.5ml 37% formaldehyde and 5ml lOX MOPS 
(0.2M MOPS, 80mM sodium acetate, lOmM EDTA, pH8.0) were added after 
cooling down. 
The calculated amount of RNA samples were mixed with 7.5|ul 100% 
formamide, 2.75|LI1 lOX MOPS, 2|LI1 DEPC-H2O, 3ILI1 lOX loading dye and 0.8|ul 
ethidium bromide. The mixtures were denatured at 55°C for 20 minutes and quick 
chill on ice before loading. The samples were then loaded and run at 50V for 2 hours. 
3.2.1.2 Transfer of RNAs 
All forceps, glass rod and scissors were treated with RNase ZAP® (Ambion) 
before use. First, the formaldehyde gel was rinsed in two changes of DEPC-treated 
lOX SSC (1.5M sodium chloride, 0.15M sodium acetate) for removal of 
formaldehyde. PosiBlot 30-30 Pressure Blotter (Stratagene) was used to transfer the 
RNAs to nylon membrane (Biodyne® B 0.45|am, Pall Corporation). The membrane, 
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filter papers and the sponge were presoaked in lOX SSC. 
The pressure blotter was assembled according to manufacturer's instructions. 
The wetted filter paper and nylon membrane are carefully positioned onto the porous 
membrane support pad and any wrinkles or air bubbles were smoothened out using 
the glass rod. A window was cut at the center of the mask such that the window was 
slightly large than the size of the gel by about 1.5cm on each side. The mask was 
then placed onto the membrane. Subsequently, the equilibrated gel was placed onto 
the mask such that the wells did not fall into the area of the window to ensure an 
even fluid flow. On top of the gel, a wetted filter paper and the lOX SSC-saturated 
sponge were placed and any bubbles were smoothened out using the glass rod. The 
lid of the blotter was then closed and the air compressor was adjusted to a pressure of 
75mmHg. The outlet of the compressor was then connected to the blotter inlet port 
and the pressure was allowed to rise and reach equilibrium of at least VOmmHg. The 
setup was disconnected after the gel was blotted for about 3 hours. The membrane 
was then removed and fixed by UV cross linking at 1200 x lO^^J (Stratagene). 
3.2.1.3 Probe preparation 
Probes are synthesized from Qiagen kit purified PGR products of Cc.Pma, 
Cc.G6PDH and Cc.Ras amplified from total cDNA of the mycelial stage. 
Approximately lOOng PGR products were used as templates for PGR DIG-labeling 
using the PGR DIG probe synthesis kit (Roche). The PGR reactions contained IX 
PGR buffer, 1.6mM MgCh, 0.2X DIG PGR labeling solution (Roche), 0.2|LIM 
BcaBest M13-47 primer (Takara), 0.2^M BcaBest RV-M primer (Takara), 5U taq 
polymerase in a total volume of 30^1. The PGR mixtures then underwent a 
programme of denaturation at 94°C for 2 minutes, followed by 35 cycles of 
denaturation at 9 4 � C for 45 seconds, annealing at 58/54°C for 30 seconds and 
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extension at 72°C for 2 minutes and a final extension at 72°C for 10 minutes. The 
DIG-labeled PGR products were checked by 1.5% agarose gel electrophoresis. 
Table 3.1 Primers for amplincation of the potential housekeeping gene. 
Gene Primers Amplicon size (bp) 
5 ‘ - C T C G C C C A A A T C G G T T C C T T C T G - 3 ‘ 
Cc.Pma 820 
5 ‘ - C A C C A G T G A C C A T C T T G A C C T T G - 3 ‘ 
5 ‘ - G C A T T C A A A C A G A C C C T A T C C T A - 3 ‘ 
Cc,G6PDH 815 
5 ‘ - A A C T G G A T G C G A A C C T C A A C C T T - 3 ‘ 
5 ‘ - G T C G T A G G T G G T G G T G G T A T G T T - 3 ‘ 
Cc.Ras 960 
5 ‘ - C G T G G T G C C T G T C C T G G G T G T A G - 3 , 
3.2.1.4 Hybridization, Stringency washes and signal detection 
The membrane was first pre-hybridized with 7.5ml hybridization buffer (50% 
formamide, 5X SSC, 2X blocking solution, 50mM sodium phosphate, 0.1% 
N-lauroysarcosine and 7% (w/v) SDS) at 42°C with gentle shaking for 2 hours in a 
hybridization bag. Following pre-hybridization, 7.5ml new hybridization buffer was 
added to new hybridization bag with 6|LI1 heat-denatured probes. The hybridization 
step took place at 42°C with gentle shaking for 16 hours. 
After hybridization, the membrane was washed in 30ml cold washing solution 
(2X SSC, 0.1% SDS) twice at room temperature for 15 minutes, followed by two 
washes by hot washing solution (0.5X SSC, 0.1% SDS) at 6 8 � C for 15 minutes each. 
The membrane was then rinsed in 30ml washing buffer (O.IM maleic acid, 0.15M 
NaCl, 0.3% v/v Tween®20, pH 7.5) for 2 minutes. The blocking process was 
performed by adding 20ml 2X blocking solution (2% blocking reagent, O.IM maleic 
acid, 0.15M NaCl, pH 7.5) for 2 hours with gentle shaking. Then l|al 
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anti-digoxigenin AP Fab fragments (Roche) diluted 1:10000 with 10ml 2X blocking 
solution was incubated with the membrane for 30 minutes at room temperature with 
gentle shaking. The membrane was then washed with 30ml washing buffer twice for 
15 minutes and then 20ml detection buffer (O.IM Tris-HCl, O.IM NaCl, pH 9.5) for 2 
minutes. Eventually, the membrane was equilibrated in 1ml CSPD® (Roche) working 
solution (lOjul in 1ml detection buffer) in a hybridization bag. 
Chemiluminescent detection was performed by exposing the sealed membrane 
to a BioMax Light film (Kodak) in dark room for about 4 hours. The film was 
photographed and the signals were quantified with Kodak IDS.5.3 Image Analyses 
programme (Kodak). 
3.2.2 Quantitative real-time PGR 
3.2.2.1 cDNA synthesis from 2 developmental stages 
Total RNAs were extracted from dikaryotic mycelium and stage 1 primordium 
as described in chapter 2. 
0.5|Lig of total RNAs from each developmental stage was used to synthesize 
cDNA for real time PGR analysis. The RNAs were first treated with DNasel to 
remove any contaminating DNA. 0.5|Lig RNA was mixed with 0.5|LI1 DNasel (New 
England Biolabs), O.S i^l DNase buffer and total volume was brought up to 5|il with 
DEPC-H2O. The reaction was first incubated at 2 5 � C for 15 minutes and then 65°C 
for 10 minutes after addition of 0.5|J1 25mM EDTA (Invitrogen). 
DNase treated RNAs were transcribed into first strand cDNA using TaqMan® 
reverse transcription reagents (Applied Biosystems) according to manufacturer's 
protocol. 5.5|il of DNasel treated RNAs were added to 2.5JLI1 of lOX RT buffer, 5.5|ul 
of 25mM MgCl2, 5\x\ of dNTP (2.5mM each), 0.625|LI1 of 50|uM random hexamer, 
0.625|al of 50|LIM oligo(dT), 0.5|LI1 RNase inhibitor (20U/iil), 0.625|LI1 of MultiScribe® 
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Reverse Transcriptase (50U/|LI1) and 4.125|LI1 of DEPC-H2O. The reaction was 
incubated at 25°C for 10 minutes, followed by 48°C for 45 minutes and 9 4 � C for 5 
minutes. 
3.2.2.2 Primer design and verification 
Gene expression differences were categorized into 3 categories. They are (1) 
Expression in mycelium higher than in primordium, fold difference greater than 1.5; 
(2) Expression in mycelium similar to primordium, fold difference between 1.1 and 
0.9; (3) Expression higher in primordium than in mycelium, fold difference smaller 
than 0.66. From each of the categories, four genes were selected for real-time PGR 
assays. Therefore, there were a total of twelve sets of primers to be used (Table 3.2). 
Primers for real time PGR analysis were designed using OLIGO™ 4.0 software 
(Molecular Biology Insights, Inc). The primers were selected such that they had 
similar melting temperatures, were hairpin-free and the size of amplicons was about 
100-150bp. They were then verified by setting up a 20|ul PGR reaction containing 
2[i\ of lOX PGR buffer, 1.2|LI1 of 25mM MgCh, ljul of dNTP (lOmM each), Ijul of 
lOjaM designed upper primer and lower primer, 2|ul of lOX diluted cDNA, 0.25|ul of 
Taq polymerase (5U/|LI1) (Promega) and 11.55|LI1 H2O. The reactions underwent a 
PGR program of 95°C for 3 minutes, followed by 50 cycles of 9 5 � C for 15 seconds, 
6 0 � C for 45 seconds and 72°C for 15 seconds. PGR products were collected at the 
30th AND 50th cycles. 5|LI1 of the products were analyzed on 1.5% agarose gel for 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.2.2.3 Real time PCR reaction and data analysis 
Real time PCR reaction was performed on Bio-Rad MiniOpticon™ real time 
system (Bio-Rad). 2|LI1 of lOX diluted first strand cDNA was mixed with 0.45|LI1 of 
each lO^iM sequence specific primer, 10|LI1 of 2X iQ™ SYBR® Green Supermix 
(Bio-Rad) and brought up to 20|LI1 with nuclease-free water according to 
manufacturer's manual. The reaction for each primer set was performed in duplicate 
and no-template-control (NTC). The real time PCR program was 95 °C for 1 minute, 
followed by 40 cycles of 9 5 � C for 15 seconds, 6 0 � C for 45 seconds and 12�C for 15 
seconds. Melting curve analysis was also performed by increasing the temperature 
from 5 0 � C to 90�C. Data analysis was performed on Opticon Monitor™ Version 3.0 
(Bio-Rad). The experiments were repeated at least three times with independent 
biological samples. 
3.2.3 Gene expression level comparison 
The total occurrence for each particular gene (GLEAN model) was obtained by 
summing up the occurrence of all the tags lOOObp upstream of the start codon. In 
other words, the tag count for every tag found lOOObp upstream of each gene is 
allocated to the expression level of the respective gene. The annotation for each gene 
is determined by BLASTX search, supplemented by BLASTP search. An e-value at 
an order of 10'^ was used as a criterion for confirmation of homology. Expression 
abundance of a gene in the respective stage was calculated by dividing the 
corresponding occurrence by the total tag occurrence of the respective stage. 
Differentially expressed genes were determined using Fisher Exact Test. A 2-tail 
p-value of 0.05 was used as confirmation of differential expression. The fold 
difference was calculated using the expression abundance value. For the sake of 
convenience, genes with an occurrence of 0 at any stage were assigned an occurrence 
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of 0.5 so that the fold difference between the two stages could be calculated. 
The differentially expressed genes were also annotated by Gene Ontology (GO) 
terms, a collaborative database used for describing and grouping of gene products 
into three different independent categories (ontologies) in terms of cellular 
components, molecular functions and biological processes. The annotations reflect 
the normal function, process and localization of a gene product and the annotation of 
the gene product to one ontology is independent of its annotation to others ontologies. 
The complete set of GO annotations was downloaded from the GO website 
(http://www.geneontology.org/GO.downloads.shtml) and the freely-available 
software Gene Ontology Browsing Utility (http://gobu.iis.sinica.edu.tw) was used to 
visualize the GO terms of the differentially expressed genes. 
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3.3 Results 
3.3.1 Identification of housekeeping gene by Northern Blot analysis 
Northern blotting was performed to identify a housekeeping gene across 
different developmental stages of C. cinerea. Total RNAs were extracted from 6 
stages, including mycelium, stage 1 primordium, stage 2 primordium, stage 1 
immature fruiting body, stage 2 immature fruiting body and mature fruiting body. 
The RNAs were first fractionated on formaldehyde denaturing gel and then 
transferred to nylon membrane for Northern blotting using DIG-labeled cDNA 
probes. Equal loading of RNAs was monitored by similar intensities of the 28S and 
18S rRNAs. 
Three genes were tested, namely plasma membrane H+ ATPase�Cc.Pma\ 
glucose-6-phosphate dehydrogenase (Cc.G6PDH) and Cc.Ras. Northern blotting for 
each of the three genes was repeated for three times. It was found that all the three 
genes were not constantly expressed during the life cycle of C. cinerea from 
mycelium to mature fruiting body. Even when only the mycelium and stage 1 
primordium stages were compared, expression was not constant as well. For 
Cc.G6PDH, expression decreased gradually from mycelium to stage 2 primordium, 
then reached the highest level at stage 1 immature fruiting and then decreased again 
(Figure 3.1). For Cc.Pma, expression pattern was similar to that of Cc.G6PDH 
during transition from mycelium to stage 2 primordium. Starting from stage 1 
immature fruiting body, expression started to rise again and reached the maximum at 
mature fruiting body (Figure 3.2). For Cc.Ras, overall expression pattern was quite 
similar to that of Cc.G6PDH, except that expression was slightly higher in stage 2 
primordium than stage 1 primordium (Figure 3.3). 
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Myc SI Pri S2 Pri SI IFB S2IFB MFB 
CC.G6PDH I M . M K M ^^""�1.8kb 
�� -28S rRNA 
I ‘ ‘ -18S rRNA 
Expression ratio 
Myc SI Pri S2 Pri SI IFB S2 IFB MFB 
1 0.31 0.23 3.05 0.96 0.09 
Figure 3.1 Northern blotting of the transcripts of Cc.G6PDH at six different 
deve lopmenta l s tages of C. cinerea. Expression ratios are calculated from the relative 
expression level among different stages, by taking the level in mycelium as 1. The expression of 
Cc.G6PDH decreased gradually from mycelium to stage 2 primordium, then reached the highest level 
at stage 1 immature fruiting and then decreased again. 
Myc: mycelium; SI Pri: stage 1 primordium; S2 Pri: stage 2 primordium; SI IFB: stage 1 immature 
fruiting body; S2 IFB: stage 2 immature fruiting body; MFB: mature fruiting body. 
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Myc SI Pri S2 Pri SI IFB S2 IFB MFB 
B ^ i l l i i i i i l l i fir ‘ i | | iiiiiillH 
Expression ratio 
Myc SI Pri S2 Pri SI IFB S2 IFB MFB 
1 0.37 0.17 1.34 2.04 3.61 
Figure 3.2 Northern blotting of the transcripts of Cc.Pma at six different 
deve lopmenta l s tages of C. cinerea. Expression ratios are calculated from the relative 
expression level among different stages, by taking the level in mycelium as 1. The expression of 
Cc.Pma decreased gradually from mycelium to stage 2 primordium, then started to rise again in stage 
1 immature fruiting body and reached the maximum in mature fruiting body. 
Myc: mycelium; SI Pri: stage 1 primordium; S2 Pri: stage 2 primordium; SI IFB: stage 1 immature 
fruiting body; S2 IFB: stage 2 immature fruiting body; MFB: mature fruiting body. 
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M y c S l P r i S 2 P r i S I IFB S 2 I F B MFB 
Cc. Ras III-frill fi"ni�rii" 
I 毒 # . \ , 
“ ， + 一 i 彳 - I S S r R N A 
Expression rat io 
Myc SlPri S2 Pri SI IFB S2 IFB MFB 
1 0.45 0.37 1.33 0.78 0.14 
Figure 3.3 Northern blotting of the transcripts of Cc.Ras at six different 
developmental stages of C. cinerea. Expression ratios are calculated from the relative 
expression level among different stages, by taking the level in mycelium as 1. The expression of 
Cc.Ras decreased from mycelium to stage 1 primordium and roughly maintained in stage 2 
primordium, then reached the highest level at stage 1 immature fruiting and then decreased again. 
M y c : m y c e l i u m ; S I Pri: stage 1 primordium; S2 Pri: stage 2 primordium; SI IFB: stage 1 immature 
f ru i t ing body ; S 2 IFB: stage 2 immature fruiting body; MFB: mature fruiting body. 
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3.3.2 Quantitative real-time PGR analysis 
Quantitative real-time PGR assays were used to assess the reliability and 
accuracy of the 5，SAGE libraries. From each of the three categories stated in chapter 
3.2.2.2, four genes were selected and thus a total of twelve genes were tested. 
Before real-time PGR, the primers were first verified by PGR reaction with 
similar settings as real-time PCR except that no SYBR® Green was added. PGR 
products were collected at the and 50出 cycle respectively and gel electrophoresis 
revealed the presence of a single band and a greater amount of products at the 
cycle (Figure 3.4). Absence of non-specific amplification and primer-dimers during 
real-time PCR were confirmed by melting curve analysis on Bio-Rad MiniOpticon™ 
real time system. For all the final products, only a single peak was observed from the 
plot of the negative first derivative of fluorescence intensity over time and all the 
peaks occurred at above 70�C. These indicated the absence of contaminants in the 
real-time PCR products (Figure 3.5). 
The real-time PCR performed analyzed the expression of 12 genes between 
mycelium and stage 1 primordium. These genes were suggested by the 5' SAGE data 
to be either differentially expressed or similarly expressed. 
As it is found that the expression of clathrin coat assembly protein was constant 
between mycelial and primordial stages in three different biological samples (Table 
3.3)，thus Northern blotting was performed to confirm its constant expression among 
these two stages. Results showed that the gene was indeed constantly expressed 
(Figure 3.4) and that a housekeeping gene had not yet been found, therefore the 
threshold cycle (CO for each gene was normalized against the Ct of clathrin coat 
assembly protein. For the categories 'Expression in mycelium higher than in 
primordium' and 'Expression in mycelium similar to primordium', the expression 
levels in primordium were taken to be 1. While for the category ‘Expression in 
71 
primordium higher than in mycelium', expression levels were in mycelium were 
taken to be 1. 
Table 3.3 Threshold cycle detected from real-time PGR for the clathrin coat 
assembly protein gene. 
Sample 1 Sample 2 Sample 3 
Mycelium 22.15 25.13 22.51 
Stage 1 primordium 22.18 25.16 22.46 
Myc SI Pri 
• ‘--.Hiiilit < O.Skb 
j - 28S rRNA 
I - ��� - i 
^ ^ ^ i J - l S S r R N A 
Expression ratio 
Myc SI Pri 
1 0.94 
Figure 3.4 Northern blotting of the transcripts of encoded by the clathrin 
coat assembly protein gene at mycelial and primordial stages of C. cinerea. 
Expression ratios are calculated from the relative expression level between the two stages, by taking 
the level in mycelium as 1. The expression level was similar among mycelium and stage 1 
primordium. 
Myc: mycelium; SI Pri: stage 1 primordium 
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一 國 
(b) � 、 ， 變 f f : ’-rTt�斜：，:广;、y��？丄芬-仰々•，，卿 
. . • i W l 
Figure 3.5 Verification of 12 sets of real-time PGR primers on 1.5% agarose 
gel e lectrophoresis , (a) PGR products collected at 30出 PGR cycle. Lane 1: 
lOObp ladder; lane 2-5: primer set M1-M4; lane 6-9: primer set S1-S4; lane 10-13: 
primer set P1-P4. (b) PGR products collected at 50'^ PGR cycle. Lane 1: lOObp 




so SS 9f. 
I T 仰 P 权… 
(b) n 
•7S ^ es 9t 
I 一 per 咖 叫 
(c ) 
70 , 80 SS 
Figure 3.6 Melting curve analysis for 12 real-time PCR products, (a) Melting 
curve for products amplified from primer sets M1-M4. (b) Melting curve for 
products amplified from primer sets S1-S4. (c) Melting curve for products amplified 
from primer sets P1-P4. A single peak was observed for all products amplified by 
the primer sets. 
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(a) (b) 
Results for thioredoxin Results for tetraspannin 
. . � [ T 
Myc SI Pri Myc SI Pri 
Developmental stages Developmental stages 
5，SAGE results 5，SAGE results 
Myc SI Pri Myc SI Pri 
Occurrence 119 28 Occurrence 2082 975 
% Abundance 0.24 0.05 % Abundance 4.19 1.57 
(c) (d) 
Results for Vipl protein Results for Subtilisin N-terminal region 
2.5 r 2.5 r 
i � :三 [ E E 
Myc SI Pri Myc SI Pri 
Developemental stages Developmental stages 
5，SAGE results 5，SAGE results 
Myc SI Pri Myc SI Pri 
Occurrence 93 77 Occurrence 149 104 
% Abundance 0.19 0.12 % Abundance 0.30 0.17 
Figure 3.7 The relative expression level ratio of (a) Thioredoxin, (b) 
tetraspannin, (c) Vipl protein, (d) subtilisin N-terminal region, from real-time 
P G R a n a l y s i s . The relative expression level was calculated by taking the expression level in stage 
1 primordium as 1. Results were generated from three independent RNA samples and each PGR 
reaction was in duplicate. 
Myc: mycelium; SI Pri: stage 1 primordium. 
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( a ) Results for AT? synthase oligomycin sensitivity confeml ( b ) Results for 60S ritomal protein L34 
protein 
�—1.2 J , '•； [ — 
Fl PE^ f : 
5 0 . 4 W ——rr 一 s o - 4—— I r —— 
10.2 f — ——I0.2—‘ : 一 
p£； h PC； 
0 1 ‘ ‘ 0 ^ ‘ ‘ 
Myc SlPn Myc SI Pri 
Developmental stages Developmental stages 
5，SAGE results 5，SAGE results 
Myc SI Pri Myc SI Pri 
Occurrence 82 117 Occurrence 312 488 
% Abundance 0.16 0.19 % Abundance 0.63 0.78 
(c) 
Results forUbiquitin ftision protein 
1.2 
—： P , — 
1 —— 
0 ‘ ‘ ^ ‘ 
Myc SI Pri 
Developmental stages 
5，SAGE r e s u l t s ^ 
Myc SI Pri 
Occurrence 146 221 
% Abundance 0.29 0.36 
Figure 3.8 The relative expression level ratio of (a) ATP synthase oligomycin 
sensitivity conferral protein, (b) 60S ribosomal protein L34, (c) Ubiquitin fusion 
protein, from real-time PCR analysis. 
The relative expression level was calculated by taking the expression level in stage 1 primordium as 1. 
Results were generated from three independent RNA samples and each PCR reaction was in duplicate. 
Myc: mycelium; SI Pri: stage 1 primordium. 
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( a ) Results for40S ribosomal proteins 14 ( b ) Results forProhibitin HPBl 
2 3.5 
li：： 一 
三 i : = , = 
> 0.6 m i — .髮 1 H v i 『（ —— 
I 0.^  國 , [ z ： I 0.3 — 
Myc SI Pri Myc SI Pri 
Developmental stages Developmental stages 
5，SAGE results 5，SAGE results 
Myc SI Pri Myc SI Pri 
Occurrence 102 282 Occurrence 36 113 
% Abundance 0.21 0.46 % Abundance 0.07 0.18 
(c) (d) 
Results for ATP synthase delta chain Results for Basic leucine zipper and W2 domain 2 
3 厂 5 厂 
j" _ 卜 r'i 蒙 E 
p y — l i f — 
U - W ] r = i ' . 丨 ， 1 r 二 
0 ‘―—— ‘ ‘ 0 ^ ‘ ^ ‘ 
Myc SI Pri Myc SI Pn 
Developmental stages Developmental stages 
5，SAGE results 5，SAGE results 
Myc SI Pri Myc SI Pri 
Occurrence 100 336 Occurrence 28 154 
% Abundance 0.20 0.54 % Abundance 0.06 0.25 
Figure 3.9 The relative expression level ratio of (a) 40S ribosomal protein 
S14，(b) Prohibitin PHBl, (c) ATP synthase delta chain, (d) Basic leucine zipper 
and W2 domain 2，from real-time PCR analysis. The relative expression level was 
calculated by taking the expression level in mycelium as 1. Results were generated from three 
independent RNA samples and each PCR reaction was in duplicate. 
Myc: mycelium; SI Pri: stage 1 primordium. 
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3.3.3 Gene expression level comparison 
The expression level of each gene was determined by summing up the 
occurrence of all the tags found lOOObp upstream. In this way, the 29,858 unique 
mycelial tags were assigned to 4,697 distinct genes and the 40,083 primordial tags 
were assigned to 5,594 distinct genes. The total tags pool together identified 6,736 
distinct genes. The percentage abundance of the gene was calculated by dividing the 
total occurrence of each gene by the total count of tags mapped to the putative 
5，-UTR (49,718 for mycelium and 61,964 for primordium). The 150 most expressed 
genes in the two stages are summarized in Table 3.3 and 3.4. 
On the whole, the top 150 expressed genes accounted for 66% of the 
transcriptome of the mycelium while they accounted for only 50% in the primordium. 
For the most expressed mycelial genes, 3 copies of a gene encoding a mismatched 
base pair and cruciform DNA recognition protein were among the top five expressed 
genes. Together with two uncharacterized genes, the 5 genes comprised almost 25% 
of the transcriptome in mycelial stage. This is in contrast with that in the primordial 
stage, in which expression of the top 30 genes is required to give the same 
percentage. As reported from previous literature (Asgeirsdottir et al., 1998; Ng et al., 
2000)，the hydrophobins are highly expressed in both the mycelium and the 
primordium. Three genes encoding hydrophobin CoHl were identified to be highly 
expressed in the mycelium while three hydrophobin-coding genes were also 
identified in the primordium. Interestingly, the three CoHl genes and two of the 
hydrophobin genes in primordium were found to be clustered in adjacent loci 
respectively. 
For the primordial stage, the enzyme ribitol kinase had the highest expression 
level, comprising � 1 % of the transcriptome. The ribosomal proteins were highly 
expressed as well, and among the 120 proteins (out of 150) in which a homolog had 
78 
been identified, 44 of them corresponded to ribosomal proteins and comprised �7 .5% 
of the transcriptome. Attention is also paid to the Cgl3 lectin. Compared with the 
other two well characterized galectins Cgll and Cgl2 (Cooper et al., 1997; Boulianne 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Dijferentially Expressed Genes Using a 2-tail p-value of 0.05 in the 
Fisher Exact Test, a total of 1,054 differentially expressed genes were identified. This 
showed that out of the 6,736 genes identified, 15.6% showed differential expression 
between the mycelial and primordial stages. Among the 1,054 genes, 358 were 
preferentially expressed in the mycelial stage, 207 (58%) of them were assigned a 
protein homolog and 139 (38.8%) were assigned a GO terms (Figure 3.9). For the 
primordial stage, 696 genes were preferentially expressed, with 561 (81%) of them 
were assigned a protein homolog and 484 (69.5%) were assigned a GO terms (Figure 
3.10). For the sake of convenience, genes with an occurrence of 0 at any stage were 
assigned an occurrence of 0.5 so that the fold difference between the two stages 
could be calculated. The differentially expressed genes in the mycelial and 
primordial stages for which a protein homolog was assigned are summarized in Table 
3.5 and 3.6 respectively. These genes are sorted in descending p-value from the 
Fisher Exact Test. 
Investigation into the genes differentially expressed in mycelium showed that 
many of them did not find homologous proteins in other organisms, particularly for 
the 40 most differentially expressed ones, in which only 10 of them found a protein 
homolog. This means that many of these genes are actually understudied. Strikingly, 
the 3 most differentially expressed genes corresponded to a mismatched base pair 
and cruciform DNA recognition protein, which is an abundant eukaryotic nuclear 
protein associated with chromatin. The hydrophobin CoHl also showed significant 
differential expression in the mycelium. In fact, expression levels of a total of 22 
hydrophobin genes were revealed, and 8 of them were differentially expressed in 
mycelium compared with 4 in the primordium. 
Although most of the differentially expressed genes in the primordial stage 
shared homology in other organisms, the top 5 genes could not identify any 
92 
homologous counterparts. Investigation into the rest demonstrates an up-regulation 
of the whole protein synthesis machinery. Beginning from transcription, 31 proteins 
were homologs to genes encoding transcription factors or proteins with cofactor 
activities compared to only 7 in the mycelial stage. Among these 31 genes, 8 are 
those encoding RNA polymerase II transcription factor. Expression of structural 
constituent of ribosomes are also highly up-regulated in the primordium, with 74 
ribosomal protein genes being preferentially expressed compared to only 2 in 
mycelium. Protein turnover may increase as revealed from the higher expression of 
12 ubiquitin-related genes such as ubiquitin-protein ligase and ubiquitin-conj ugating 
enzymes and 5 proteasome subunit genes. 30 differentially expressed genes were 
those participate in intracellular protein transport, targeting gene products to various 
cellular components. Notably, the primordium has a much elevated demand of 
proteins in order to support various physiological processes (Kiies, U. 2000). 
Moreover, 29 genes related to signal transduction involving in either cell surface 
receptor-linked or intracellular signaling cascade were preferentially expressed. This 
is also reflected in the 18 up-regulated genes encoding proteins with guanyl 
nucleotide binding activity (the G proteins), which are a family of proteins involved 
in second messenger cascades. 
In addition, differentially expression as consequences of depletion of nutrients 
and availability of light/dark cycles are crucial for fruiting body initiation and 
development. In this respect, 3 genes related to response to nutrient levels and 2 
genes associated with phototransduction were identified. Nevertheless, despite the 
necessity of light for the transition of hyphal knot to stage 1 primordium, no 
differentially expressed genes are detected in relations to photoreceptor, and instead 
the only photoreceptor identified was found to have similar expression between 
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Figure 3.10 Gene Ontology (GO) annotations (http://www.geneontology.org/ 
GO.downloads.shtml) for 139 differentially expressed genes in 
the mycelial stage visualized by the freeware Gene Ontology 
Browsing Utility (GOBU) (http://gobu.iis.sinica.edu.tw). 139 genes 
out of 358 (38.8%) differentially expressed genes were assigned at least one GO 
terms. Among the 139 genes. 111 were classified as cellular components, 121 with 
molecular functions and 105 participated in biological processes. Notice that one 
gene is not only assigned to a single category, even in a subtree. GLEAN_01466 is 
used as an example to demonstrate the visualization using the program. 
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Figure 3.11 Gene Ontology (GO) annotations (http://www.geneontology.org/ 
GO.downloads.shtml) for 484 differentially expressed genes in 
the primordial stage visualized by the freeware Gene Ontology 
Browsing Utility (GOBU) (http://gobu.iis.sinica.edu.tw). 484 genes 
out of 696 (69.5%) differentially expressed genes were assigned at least one GO 
terms. Among the 484 genes, 420 were classified as cellular components, 428 with 
molecular functions and 443 participated in biological processes. Notice that one 
gene is not only assigned to a single category, even in a subtree. GLEAN_08094 is 
used an example to demonstrate the visualization using the program 
125 
3.4 Discussion 
3.4.1 Validation of 5，SAGE libraries 
Molecular techniques such as northern blotting, DNA microarrays (Zhang and 
Dietrich, 2005) and quantitative real-time PGR (Siu et al., 2001; Cimica et al., 2007) 
are commonly used to validate SAGE data. In this study, quantitative PGR (qPCR) 
was employed to assess the reliability and accuracy of the 5’ SAGE data. 
As a housekeeping gene across different developmental stages of C. cinerea 
had not yet been reported, northern blotting was used to test for its presence. Three 
genes including Cc.G6PDH, Cc.Pma and Cc.Ras were tested, but they were not 
constantly expressed when C. cinerea grew from mycelium through primordium till 
mature fruiting body. Their expressions in mycelium were generally higher than 
those in primordium and thus could not be employed as control genes for qPCR. 
qPCR is an effective means for mRNA quantitation for its high sensitivity and 
specificity. mRNA with low expression level can be detected and only a small 
amount of RNA is required. Due to its high sensitivity, contamination must be 
avoided to ensure reliable results (Wong and Medrano, 2005). Nevertheless, melting 
curve analysis could be performed to ensure the purity of the end products of the 
real-time PGR assays. 
Twelve genes having different relative expression level ratio were randomly 
picked for assay to validate the 5' SAGE data. Normalization was done against one 
of the genes (clathrin coat assembly protein) which showed constant expression 
between mycelium and primordium in three different pairs of biological samples. It 
is believed that constant expression in three independent samples should rule out the 
possibility of bias in RNA amounts during reverse transcription and experimental 
errors. Results of real-time PGR were highly consistent with the 5’ SAGE results, 
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and the relative expression level ratios were similar to the fold difference calculated 
from the 5’ SAGE data. This confirmed the reliability and the accuracy of the results 
from these two 5' SAGE libraries. 
The literature was also searched for validation of the expression data. 
Boulianne et al (2000) reported the expression pattern and roles of two fungal 
galectins Cgll (GLEAN model #07785) and Cgl2 (GLEAN model #07786) in C. 
cinerea, and observed that they were differentially regulated during fruiting body 
formation. Cgll is specifically expressed in primordium and mature fruiting body, 
while Cgll starts to express in early stages of fruiting body development (hyphal 
knot formation) and is maintained until maturation of the fruiting body. This agrees 
with the 5' SAGE data, as expression of both galectins were not detected during the 
mycelial stage and was detected in the primordial stage, with Cgll having a higher 
expression. Furthermore, Lee (C.Y.Y. Lee, personal communication) reported a 3 
fold up-regulation of Cc. Rab7 using northern blotting between mycelium and 
primordium, which also agrees with the fold difference of 2.22 revealed in this 
study. 
For the sake of future functional studies, while the expression of clathrin coat 
assembly protein (as well as other genes revealed to be constantly expressed in 
mycelium and stage 2 primordium) in other developmental stages remains to be 
investigated, it is necessary to continue to find a gene that expresses constantly in 
more developmental stages. 
3.4.2 Analysis of highly and differentially expressed genes 
At present, the C. cinerea genome is predicted to contain ~ 12,000-13,000 
protein coding genes. Using this figure and the criteria in this study, the expression 
level of a total of 6,736 distinct genes was revealed, which represents � 5 0 % of the C. 
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cinerea transcriptome. While the expression of genes related to various 
physiological processes such as mating, meiosis and fruiting body maturation may 
not be detected and that some of the predicted proteins may not actually be 
expressed, it is believed that this study provided a good coverage of the genes 
expressed in the mycelial and primordial stages. 
A protein homologous to mismatched base pair and cruciform DNA recognition 
protein was the most expressed genes in the mycelium, and was also the most 
preferentially expressed genes in this stage. This protein is an abundant eukaryotic 
non-histone nuclear protein associated with chromatin, specifically recognizing 
cruciform DNA structure (a non-double helix form of DNA) which is observed 
during genetic recombination, and thus was originally believed to play a role in 
recombination (Bianchi et al., 1989). However, further analyses revealed the general 
feature of the protein to recognize cruciform DNA, help bending DNA and bind to 
bent or kinked DNA, thereby serving as structural elements in inducing or 
maintaining DNA architecture (Dutta et al., 1997). Einck and Bustin (1985) 
suggested that DNA replication can generate branched DNA either directly or 
through induced supercoiling, and it was observed that the protein can effectively 
drive the equilibrium toward the formation of a DNA-protein complex. However, 
whether this complex is for protection purpose until further nuclear activities or 
serves specialized functions remains unknown. Based on these findings, one 
speculation is that the cruciform DNA structure are induced as a result of the high 
growth rate of the mycelium of C. cinerea and that in the primordium, cell division 
rate declines such that the expression of the protein drops accordingly. 
Intriguingly, the enzyme ribitol kinase was highly expressed in both mycelial 
and primordial stages. The enzyme had been reported to actively participate in 
biosynthesis of riboflavin in many micro-organisms, and that some of them produce 
128 
the vitamin in large excess (Bacher and Lingens, 1970). Although ribitol had not 
been supplemented to the culture medium in this study, it was proved that ribose or 
ribulose phosphate is an alternative source for riboflavin biosynthesis at a lower 
yield (Mehta et al., 1972). This agrees with the general fact that many edible 
mushrooms are an excellent source of riboflavin. On the other hand, ribosomal 
proteins also constituted a remarkable proportion of the most highly expressed genes 
in both developmental stages, but expression in the primordial stage was obviously 
higher. This implies an elevated demand of various proteins which is also reflected 
in an up-regulation of the whole protein synthesis machinery as seen in the 
primordial stage, where preferential expressions are observed for transcription 
factors, ubiquitin-related genes, proteasome-related genes and genes for intracellular 
protein transport. 
Although many studies had been conducted to reveal the physiological 
processes involved during fruiting body initiation and development of C. cinerea, 
little is known about these processes at the molecular level. Comparing the gene 
expression patterns from 5' SAGE libraries, 358 genes were down-regulated and 696 
genes were up-regulated (p value < 0.05 in Fisher Exact Test) in the primordium 
compared to the mycelium. This suggests a significant switching of the 
transcriptomes between the two developmental stages, and investigation into these 
differentially expressed genes may provide some insights on the possible molecular 
events involved. 
Signaling of light The light/dark cycle is the most important factor for initiation 
and development of the fruiting body (Klies et al., 2000). Previous studies revealed 
that hyphal knots are formed in the dark and are repressed by light, whereas light is 
essential for subsequent development of the fruiting body (Ballou and Holton, 1985). 
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In respect of this, proteins involved in phototransduction are examined. A protein 
(GLEAN_02872) showing high homology to phosducin (Pdc) found in a number of 
mammals was preferentially expressed in the primordium. Pdc expression is highly 
restricted in mammals, being found at significant levels only in the photoreceptor 
cells of the retina and the pineal gland (Willardson and Hewlett, 2007). This 
expression patterns suggest a specific role for Pdc in light signaling. In these cells, 
Pdc is phosphorylated in the dark by cAMP-dependent protein kinase (PKA) and 
subsequently dephosphorylated upon exposure to light (Lee et al., 1984). Its 
phosphorylation in the dark is probably due to a high cAMP level and whereas 
dephosphorylation in the light is a result of reduced level of cAMR Interest in Pdc 
was greatly increased when it was co-purified from retinal extracts with the G 
protein beta-gamma subunit complex (GtPy). Based on these findings, a potential 
role of the protein was proposed in the down-regulation of the G protein 
phototransduction signaling pathway in the light and in vitro experiments had shown 
that dephosphorylated Pdc could block G protein signaling by disrupting the 
interaction between G protein a subunit and Gtpy (Bauer et al., 1992). This is, to 
certain extent, contradictory to our current understanding that light induces the 
expression of some genes such as the galectin Cgll (Boulianne et al.’ 2000). 
However, the detected level of Pdc in primordium was not high, and presumably, the 
expression level of the protein in light and dark period may be different. Therefore, 
studying the transcript level of Pdc in primordium in light and dark periods may 
provide more information on this issue. In addition, the C. cinerea genome was also 
searched for Pfam Pdc domains and another homolog was identified, but its 
expression was not detected. 
On the other hand, a homolog for Rho GTPase in Aspergillus, which also 
shown differential expression in primordium, had been identified (GLEAN_07915). 
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The activity of the enzyme as an effector is proposed to be under the control of 
Ga-GTP and GtPy. However, other potential effector enzymes such as adenylyl 
cyclase, cGMP phosphodiesterase, phospholipase Cp, phosphatidylinositol-3-kinase 
did not show differential expression. 
Nutrient Depletion Fruiting body initiation is a result of nutrient depletion in 
the culture medium (Kiies et al., 2000), thus implying that studying signaling 
pathways or molecules related to nutrient-sensing and starvation response may help 
understanding the molecular events involved. In a wide range of organisms from 
yeast to Drosophila to human, the target of rapamycin (TOR, also known as FRAP, 
FKBPl 2-rapamycin-associated protein) is a central regulator of cell growth and 
metabolism (Martin and Hall, 2005). TOR is a serine/threonine protein kinase that 
controls a wide range of cellular events in response to different environmental cues 
such as stimulation by growth factors, changes in nutrient conditions and fluctuation 
in energy (Bai et al., 2007), and is specifically inhibited by rapamycin produced by 
bacteria through interaction with the FKBPl2 protein. In mammals, FKBP38, a 
member of the FK506-binding protein (FKBP) family which is structurally similar 
to FKBPl 2, binds to TOR and inhibits its activity in a dose dependent manner in a 
way similar to that of the FKBP 12-rapamycin complex. 
Previous studies by Bai et al (2007) showed that FKBP38 is an endogenous 
inhibitor of TOR for its ability to bind TOR. During amino acids (nitrogen) 
starvation, FKBP38 binds and interferes with TOR, thereby inhibiting cell growth. 
However, it was found that Rheb, a Ras-like small GTPase, is able to prevent such 
inhibition by binding to FKBP38 in a GTP-dependent manner. In turn, TOR is 
activated and exhibits its kinase activity. From the 5' SAGE libraries, a 2.83 fold 
up-regulation of a protein homolog of FKBPl2 in Schizophyllum commune 
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(GLEAN—01774) is observed, while an almost 18 fold up-regulation of the homolog 
of Rheb small monomeric GTPase in Aspergillus (GLEAN_02265) was also 
observed. This suggests that the mechanism of activation of TOR in response to 
nutrient availability by the Rheb GTPase is well-conserved in C. cinerea. 
In addition, nutrient starvation is also responsible for the onset of sexual 
development including conjugation, meiosis and sporulation in fission yeast 
(Tsukahara et al, 1998). During the primordial stage of C. cinerea, sexual 
commitment has started as observed from the formation of the gill and basidia, 
where basidiospores will be formed (Kuhad et al., 1987). In Schizosaccharomyces 
pombe, nitrogen-starvation invoked onset of sexual development requires the 
induction of the key transcription factor gene Stell, which is essential for the 
activation of a number of genes needed for the initiation and progression of 
conjugation and meiosis (Okazaki et al, 1998). To date, four main factors or 
pathways are identified that regulate the expression of Stell: (1) the cAMP-Pkal 
cascade, which is mediated mainly through a carbon source signal; (2) the 
mitogen-activated protein (MAP) kinase kinase-MAP kinase cascade, which 
transduces a stress signal; (3) Pac2; and (4) Rcdl. 
As observed from the 5' SAGE libraries, the two copies of the 
cAMP-dependent protein kinase genes (GLEAN_00966 and GLEAN_09802) had 
very low expression level, thereby suggesting that sexual development in C. cinerea 
may not be mediated by signal as a consequence of carbon depletion. Intriguingly, 
all loci of the MAP kinase (the highest expression is a homolog of MAP kinase in 
Cryptococcus neoformans, with an occurrence of 4) and MAP kinase kinase (the 2 
loci did not express at all) in C. cinerea almost did not express in the primordial 
stage, but notable expression was detected in the mycelium. This is critically 
different from that observed in another basidiomycetes Lentinula edodes, in which 
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expression of MAP kinase was the highest in the primordium among all 
developmental stages (Szeto et al., 2007), and is also contradictory to what is 
observed in Schizosaccharomyces pombe, in which the MAP kinase-MAP kinase 
kinase cascade is essential for Stell induction in response to nutrient starvation 
(Okazaki et al., 1998). This argues against the roles of MAPK and MAPKK during 
sexual development of C. cinerea, and we speculate that these two kinases may 
function predominantly during mating through pheromone-activated cascades, 
whereas they may not play a role in the onset of karyogamy and subsequent meiosis 
and sporulation processes. 
The Rcdl gene was discovered about a decade ago (Okazaki et al., 1998). This 
leucine-rich factor, having no apparent motifs and significant homology to any other 
proteins with known functions, is highly conserved in sequence among many 
eukaryotes. Although the mechanism is unclear, the rcdl factor was shown to be 
crucial for Stell induction during nitrogen starvation in fission yeast, but itself is 
not a component of the general nitrogen signal cascade. In C. cinerea, the homolog 
for this rcdl factor (GLEAN_07250) was also identified, and is preferentially 
expressed with a 4 fold up-regulation in the primordium. Therefore, it is proposed 
that the rcdl homolog is also important for the onset of sexual development in C. 
cinerea, probably through induction of certain transcription factors and subsequent 
activation of other genes. The striking conservation of the rcdl gene throughout 
eukaryotes may also suggest the existence of an evolutionarily conserved 
differentiation controlling system. 
In addition to the genes related to light signaling and nutrient depletion, some 
other genes were also suggested to be actively involved in fruiting body initiation 
and development. Liu et al. (2006) reported a gene known as the cfsl gene, which 
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shows high homology to the bacterial cyclopropane fatty acid synthases converting 
membrane-bound unsaturated fatty acids into cyclopropane fatty acids, to be 
essential for fruiting body initiation. Using the UV-mutated C. cinerea strain 
AmutBmut, they found that a T-to-G transversion in the cfsl gene arrested the 
mushroom in the hyphal knot stage without further development. In bacteria, the 
physical properties of the cell membrane may be altered through the production of 
cyclopropane fatty acids by Cfsl, and this may be one of the triggers to initiate 
fruiting body morphogenesis. Accordingly, when the expression of three loci of 
cyclopropane fatty acid synthase are taken together, expression level was similar 
between mycelium and primordium, which generally agrees with the proposal of Liu 
et al. (2006) that the cfsl genes are superfluous during vegetative mycelial growth 
but is essential for progression of hyphal knots to fruiting body initials. In some 
feeding experiments, membrane-interactive compounds such as sucrose esters of 
fatty acids, and cerebrosides could induce fruiting body development in various 
basidiomycetes (Magae et al., 2004; Kawai, 1989)，hence postulating that membrane 
alteration may serve as a stress signal that promotes transition from mycelium to 
fruiting body. 
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Chapter 4 General Discussion 
Coprinopsis cinerea, the inky cap mushroom, is one of the model organisms 
widely used to study developmental processes in basidiomycetous fungi. Short life 
cycle, ease in cultivation and fruiting in laboratory and availability of the drafted 
genome assembly have much facilitated its genetic studies. 
Not much is known about the molecular processes involved during fruiting 
body initiation and development of basidiomycetes, and the current annotations of 
the C. cinerea genome contain no data on expression patterns and transcription start 
sites (TSS) at a genome-wide level. While understanding the fruiting process had 
been a long term goal for scientists engaged in mushroom research, performing a 
comprehensive transcriptome analysis does not only provide possible insights into 
the fruiting mechanisms, but will also contribute to better annotation of the genome 
and our knowledge of transcription regulation. 
This project represents the first comprehensive 5’ SAGE analysis on a 
basidiomycetous fungus. The mycelial and primordial stages of C. cinerea were 
analyzed to generate large amount of data on its transcriptome, gene differential 
expression patterns and transcription start sites. This method employs the terminal 
transferase activity of the reverse transcriptase and the characteristics of type lis 
restriction enzyme Mmel to generate ditags. Such ditag strategy ensures that each 
tag is originated from a different mRNA and is not an artifact of PCR amplification. 
Therefore, multiple occurrence tags can reliably used to indicate expression 
abundance of individual genes. Combining with the powerful sequencing capability 
of the 454 genome sequencer GS20, the tedious steps of concatemerization, cloning 
and colony picking in the original SAGE protocols can be avoided. The cost of 
analyzing the transcriptome is also greatly reduced if the same amount of data is to 
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be generated through the traditional LongSAGE approach. 
Moreover, the sequencing capacity provides high enough sensitivity to detect 
very rare transcripts. For instance, in the analysis of TSS, alternative start sites are 
observed for most of the abundantly expressed genes. Among the clusters of start 
sites, some of them occurred only once or twice, and yet are detectable from the 5' 
SAGE libraries. Based on this rationale, genes having very low expression level are 
still likely to be identified. To further assess the usefulness of this increased 
sensitivity, the expression of the transcription factors, which are known to be of very 
low abundance, was surveyed. From both 5’ SAGE libraries, the expression of more 
than 60 genes identified as homologues of transcription factors was detected. Due to 
the automated BLAST-associated annotation of these genes, some more 
transcription factors are likely to be missed. Many of these transcription factors had 
an occurrence of only one or two, and while some of the mapped tags may be 
spurious, the ability of the 5' SAGE analysis to detect low abundance transcripts is 
highlighted. 
The study successfully isolated a total of �40,000 and �50,000 unique tag 
sequences from the transcriptomes of the mycelial and primordial stages of C. 
cinerea respectively. Approximately 80% of these tags matched to a single position 
on the genome sequence and this is comparable to several previous studies (Zhang 
and Dietrich, 2005; Hashimoto et al., 2004; Wei et al., 2004). Among these tags, 
approximately 35-37% was located in the putative 5'-UTR, representing an estimate 
of �10,000 and -15,000 genuine transcription start sites in each developmental stage. 
The TSS data is crucial towards defining transcriptional units and analyses of the 
promoter and upstream regulatory elements. On the other hand, mapping of these 
unique tags revealed several phenomena. The existence of alternative TSS, which is 
widely present in many other organisms, is confirmed in C. cinerea. It was 
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suggested that alternative TSS is not merely a 'biological noise', but rather implies a 
new level of biological complexity within the core promoters (Kawaji et al, 2006). 
Also, approximately 20% of the unique tags were mapped to gene-associated 
positions in antisense orientation, representing either potential antisense transcripts 
or unannotated genes as a result of extensive overlapping of transcriptional units in 
eukaryotic genomes. Moreover, possible errors in the current genome annotations 
can be rectified by the mapping data, as the TSSs may reveal inaccurate assignment 
of the ATG codon to annotated exon-intron boundaries. 
By considering the tags mapped to the putative 5，-UTR, the expression level of 
genes can be evaluated. In this study, expression level of 6,736 genes was revealed, 
and from which more than 1,000 differentially expressed genes were identified. The 
C. cinerea is predicted to contain about 12,000-13,000 genes, and that means half of 
the transcriptome had been covered. In the mycelial stage, the gene encoding a 
mismatched base pair and cruciform DNA recognition protein was most highly 
expressed. The protein was suggested to play a role in maintaining or inducing DNA 
architecture (Dutta et al., 1997), but its exact role in the mycelium remains unknown. 
For the primordial stage, the enzyme ribitol kinase had the highest expression, 
although expression in the mycelium was not low either. The enzyme was reported 
to be actively participating in riboflavin biosynthesis (Bacher and Lingens, 1970), 
and this fits the general fact that many edible mushrooms are an excellent source of 
riboflavin. 
Investigation of the differentially expressed genes can provide insights into the 
possible molecular events during fruiting initiation and development, which are of 
great interest in mushroom research. Alternating periods of light source and nutrient 
depletion are two major signals for initiation of fruiting. Therefore, genes 
responsible for signaling of light and sensing of nutrient depletion were examined. 
137 
In this respect, the gene encoding homologue of Pdc and Rho GTPase were studied. 
Pdc was suggested a specific role in light signaling in mammals (Willardson and 
Hewlett, 2007) and its differential expression in the primordial stage also supports 
its role in C. cinerea. For sensing of nutrient depletion, the potential role of the Rheb 
GTPase was elucidated in terms of its ability to activate TOR in response to nutrient 
availability. We also proposed that C, cinerea may employ a slightly different mode 
for onset of sexual development, as judged from the dissimilarity of expression 
patterns of MAP kinase and MAP kinase kinase compared to other fungi. In addition 
to signaling of light and sensing of nutrient depletion, some other molecular events 
were also investigated. An example is the alternation in membrane structure which 
may serve as a stress signal to initiation the fruiting process. Nevertheless, the 
understanding towards the whole fruiting machinery is still far from complete, and 
substantial analyses will be required for existing players and discovery of new 
potential elements. 
Furthermore, during the expression analysis of the 5’ SAGE data, many genes 
were found to be duplicated in the C. cinerea genome. The most prominent one is 
the hydrophobins, with as many as 22 copies. Random searching of the genes for 
which expression were detected reveals some more highly duplicated genes such as 
metalloprotease (19 copies), ubiquitin-protein ligase (16 copies), aryl-alcohol 
oxidase (7 copies), histone deacetylase (6 copies). In fact, for many genes, at least 
2-3 copies were identified on the genome. Due to the automated assignment of the 
BLAST-searched homologues to the gene, and that nomenclature of the same 
protein may differ from organism to organism, the real occurrence of these 
duplicated genes is likely to be underestimated. In this respect, Wapinski et al (2007) 
examined gene duplication and loss events in 17 fungal genomes to resolve the 
evolutionary history of all the genes. They commented that, in particular, 
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stress-related genes exhibit many gene duplications and losses, whereas 
growth-related genes show selection against such changes. By characterizing the 
functional fate of the duplicated genes, they also showed that these genes rarely 
diverge with respect to biochemical function, but instead typically diverge with 
respect to regulatory controls. Such speculations may explain why some members of 
the duplicated genes have higher expression over the others. Another possible 
explanation was suggested by Louis (2007) that the commonest consequence of 
gene duplication seems to be loss of all or part of the duplicated sequences through 
deletion or degeneration, resulting in non-functionality. Presumably, these 
non-functional genes may not be expressed and this is in line with the observation 
that a notable proportion of the duplicated genes have an occurrence of only 1 or 2, 
which is likely to be spuriously assigned. 
Comparative genomics Previously, SAGE analysis on the mycelial and 
primordial stages for another basidiomycete Lentinula edodes (Chum et al., 
submitted) had also been performed in our laboratory, and a total of 3,545 unique 
tags were isolated. Although both C. cinerea and L. edodes belong to the same order, 
Agaricales, they are only distinctly related phylogenetically, thus the SAGE data can 
be compared to the 5' SAGE data in this study, supplementing each other and for 
confirmation of universal or distinct molecular events especially those potentially 
important for fruiting among the two mushrooms. 
Data from SAGE studies on L. edodes suggested that the 3 hydrophobins 
identified are a typical example of differential expression between the mycelial and 
primordial stages, with one differentially expresses in the primordium and the other 
two in the mycelium. The 5，SAGE data strongly agrees with this finding. A total of 
22 genes encoding protein homologues of the hydrophobins including the CoHl and 
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CoH2 genes were identified, and 8 of them showed differential expression in the 
mycelium whereas 4 were up-regulated in the primordium. Interestingly, none of the 
10 remaining hydrophobin genes had an occurrence higher than 5 in either 
developmental stages. This implies that C. cinerea employs two totally different sets 
of hydrophobins during its transition from mycelium to primordium, and well 
supports the notion that these fungal-specific hydrophobic proteins are essential for 
morphogenesis and pathogenesis in fungi and fruiting body development in 
mushrooms (Kershaw & Talbot, 1998). Wosten et al. (1999) also mentioned that the 
hydrophobins serve divergent functions, such as the formation of aerial structures, 
mediation of hyphal attachment on hydrophobic surfaces, and formation of 
hydrophobic rodlet layers on the fungal spore, hence suggesting the distinct roles of 
hydrophobins in the two developmental stages. 
The gene encoding riboflavin (vitamin B2) aldehyde forming enzyme was 
heavily expressed in the primordium of L. edodes as observed from the SAGE data. 
The enzyme oxidizes the 5' site of the ribityl moiety of riboflavin to an aldehyde 
group (thus known as Bi-aldehyde) and serves as a means for riboflavin biological 
degradation (Tachibana and Oka, 1981). On the contrary, in C. cinerea, a group of 
genes related to riboflavin biosynthesis including the ribitol kinase and riboflavin 
synthase genes were found to be highly and preferentially expressed in the 
primordial stage, thus suggesting a high synthesis rate of riboflavin at this stage. On 
the other hand, three loci encoding riboflavin aldehyde forming enzyme had 
increased expression in the primordium, but the difference was not significant and 
indeed expression levels were low. It was previously suggested that the B2-aldehyde 
forming enzyme may play an important role in fruiting body formation (Miyazaki et 
al., 2005), but as observed in C. cinerea in which the equilibrium is shifted towards 
the riboflavin, the role of B2-aldehyde forming enzyme and the riboflavin 
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synthesizing enzymes during fruiting will require further characterization. 
Observations for other basic biological processes are largely similar. The 
SAGE data suggested an up-regulation of genes responsible for fatty acid 
biosynthesis including the acyl carrier protein (ACP) and fatty acid desaturase in 
primordium. It is proposed that an increased synthesis of fatty acids is essential for 
energy production, structural components and synthesis of lipo-proteins to support 
the active growth of the primordium (Chum et al, submitted). Meanwhile, the 5' 
SAGE also recorded an up-regulation of a number of genes involved in fatty acid 
biosynthesis, including ACP, fatty acid desaturases, cyclopropane fatty acid synthase 
and fatty acid transporter. On the other hand, many genes responsible for stress 
response and intracellular trafficking were also observed to be differentially 
expressed in the primordial stage in both SAGE and 5' SAGE analyses. 
Future Prospects The data generated in this study opens up new areas of analyses 
at a genome-wide level. The sequences flanking the TSS can be isolated and aligned 
to check for consensus pattern. For instance, the 5' SAGE study by Zhang and 
Dietrich (2005) was able to correct and refine the previously reported consensus 
sequence around the TSS. They also shown that the consensus was significantly 
different from that of human and suggested that yeast might have an unusual mode 
of transcription initiation. On the other hand, the sequences upstream of the TSS can 
be used for promoter and potential upstream open reading frame (uORF) prediction 
and analysis. Moreover, those unique tags matched in anti-sense orientation to 
currently annotated genes and to positions where there are no annotations nearby are 
worth investigation, as they may represent novel transcripts and potential regulatory 
elements. 
The expression data obtained provides information on differentially expressed 
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genes which may play a role during fruiting body initiation and development. The 
literature suggests a pool of candidates which are suggested to be actively 
participating in the fruiting process. Together with the availability of SAGE data 
from another mushroom Lentinula edodes, comparison of their transcriptomes can 
yield a number of potentially important players. Silencing these genes is one of the 
effective means to elucidate their roles during the fruiting process. Given that gene 
silencing using double-stranded RNA (Namekawa et al., 2005) or homologous 
hairpin RNA (Walti et al., 2006) had been proven successful, and that corresponding 
vectors and protocols are readily available, it is believed that gene silencing is a 
powerful tool for elucidating the functions of various genes. 
With the sequencing capacity of genome sequencers being pushed up to 
100MB by the GS FLX (Roche), 2,000MB by Illumina Genetic Analyzer (Solexa) 
and 3,000MB by SOLID DNA sequencer (ABI), simultaneous analysis of more 
developmental stages is made possible through multiplexing of samples, such that a 
more global picture of the fruiting process can be revealed. The lack of replicates, a 
severe drawback of the SAGE technology (Nielsen et al,, 2006)， can also be 
addressed by this increased width of sequencing capacity. 
Conclusion In this study, 5' SAGE libraries of the dikaryotic mycelial and 
primordial stages of the basidiomycetes C. cinerea were successfully constructed to 
generate large amount of data on its transcriptome, gene expression patterns and 
TSS. The tags mapping process identified the presence of alternative TSS and 
anti-sense transcripts and facilitated the discovery of potential novel genes and 
regulatory elements, thus help improving the current genome annotations. On the 
other hand, the expression levels of more than 6000 genes were revealed, and from 
which more than 1,000 differentially expressed genes were identified, thereby 
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suggesting a significant switching of the transcriptomes between the two 
developmental stages. Through comparing the data with the expression profiles 
studied in other fungi, these differentially expressed genes serve as a valuable 
platform for understanding gene functions and various biological processes 
including the molecular events underlying the fruiting process in basidiomycetes. 
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Appendix 
Table A Summary of the 151 (out of 358) differentially expressed genes 
without protein homologues in the mycelial stage 
Occurrence*^ 
No.a GLEAN model b Fold difference ^ Fisher p-value ‘ 
Myc Pri 
4. ^070 3747 15 94 n noR+nn 
7 6650 617 23 33.43 1.39E-195 
8 9275 2082 975 2.66 8.11E-185 
11 11350 415 1 517.22 7.27E-154 
12 3725 589 82 8.95 6.99E-134 
13 8468 343 0 854.97 3.09E-129 
14 11577 312 3 129.62 1.31E-11] 
16 2814 383 48 9.94 2.01E-91 
17 6946 344 43 9.97 3.02E-82 
18 6473 233 5 58.08 2.17E-79 
19 8241 194 2 120.89 1.44E-69 
20 7898 171 1 213.12 9.26E-63 
21 12520 167 2 104.07 1.40E-59 
23 7037 234 30 9.72 5.64E-56 
24 1500 151 3 62.73 3.37E-52 
26 863 100 0 249.26 3.65E-38 
27 5354 97 2 60.45 7.97E-34 
28 7036 239 81 3.68 5.81E-32 
29 8189 121 17 8.87 1.25E-28 
31 11825 73 0 181.96 4.71E-28 
32 11344 77 2 47.98 1.57E-26 
35 12499 219 85 3.21 9.29E-26 
36 8486 131 27 6.05 9.32E-26 
37 11089 200 73 3.41 4.26E-25 
38 10726 65 0 162.02 4.66E-25 
39 1787 61 0 152.05 1.46E-23 
45 6494 48 0 119.65 1.08E-18 
46 4001 75 10 9.35 1.54E-18 
48 8240 43 0 107.18 8.03E-17 
49 8507 42 0 104.69 1.90E-16 
51 6947 100 33 3.78 1.73E-14 
53 1832 36 0 89.73 3.35E-14 
55 995 51 6 10.59 1.45E-13 
56 1112 37 1 46.11 3.17E-13 
57 4037 36 1 44.87 7.30E-13 
59 7551 32 0 79.76 1.05E-12 
63 5481 30 0 74.78 5.90E-12 
64 11827 36 2 22.43 8.18E-12 
70 764 309 248 1.55 3.81E-10 
72 3767 24 0 59.82 1.04E-09 
81 497 19 0 47.36 7.74E-08 
83 1116 44 13 4.22 1.09E-07 
87 10627 42 12 4.36 2.14E-07 
89 8469 17 0 42.37 4.34E-07 
91 4866 25 3 10.39 5.13E-07 
92 4057 30 6 6.23 5.67E-07 
93 9797 22 2 13.71 5.72E-07 
95 11756 19 1 23.68 9.27E-07 
98 4141 49 20 3.05 1.94E-06 
9Q 4022 23 3 
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Table A (Continued) 
ini 7Sf> IS in 7 
102 9110 15 0 37.39 2.43E-06 
104 6956 20 2 12.46 2.70E-06 
106 1034 31 8 4.83 4.33E-06 
107 29 17 1 21.19 4.69E-06 
108 3612 19 2 11.84 5.83E-06 
111 7038 35 12 3.64 9.85E-06 
112 6627 16 1 19.94 1.05E-05 
116 8243 13 0 32.40 1.36E-05 
121 10956 23 5 5.73 2.28E-05 
122 2365 21 4 6.54 2.34E-05 
123 11821 21 4 6.54 2.34E-05 
129 592 22 5 5.48 4.33E-05 
131 10380 22 5 5.48 4.33E-05 
133 8450 26 8 4.05 7.37E-05 
134 6537 11 0 27.42 7.64E-05 
136 7181 11 0 27.42 7.64E-05 
141 2662 10 0 24.93 1.81E-04 
146 9156 10 0 24.93 1.81E-04 
148 7579 12 1 14.96 2.56E-04 
150 11838 12 1 14.96 2.56E-04 
152 10615 14 2 8.72 4.07E-04 
153 1099 9 0 22.43 4.28E-04 
155 3261 9 0 22.43 4.28E-04 
157 6017 9 0 22.43 4.28E-04 
159 8347 9 0 22.43 4.28E-04 
160 10253 9 0 22.43 4.28E-04 
163 11029 11 1 13.71 5.62E-04 
165 6208 13 2 8.10 7.95E-04 
166 11580 13 2 8.10 7.95E-04 
169 2173 8 0 19.94 l.OlE-03 
170 3836 8 0 19.94 l.OlE-03 
171 8476 8 0 19.94 l.OlE-03 
182 12496 15 4 4.67 1.71E-03 
185 7348 23 10 2.87 2.19E-03 
187 1501 7 0 17.45 2.40E-03 
188 4052 7 0 17.45 2.40E-03 
190 5124 7 0 17.45 2.40E-03 
194 11663 7 0 17.45 2.40E-03 
195 586 17 6 3.53 2.61E-03 
196 865 9 1 11.22 2.65E-03 
199 7897 11 2 6.85 3.04E-03 
201 8406 20 8 3.12 3.27E-03 
209 895 6 0 14.96 5.68E-03 
212 3248 6 0 14.96 5.68E-03 
214 4604 6 0 14.96 5.68E-03 
215 7325 6 0 14.96 5.68E-03 
216 7802 6 0 14.96 5.68E-03 
218 10020 6 0 14.96 5.68E-03 
222 5249 8 1 9.97 5.70E-03 
224 5313 26 14 2.31 5.75E-03 
228 11393 26 15 2.16 6.96E-03 
232 11285 14 5 3.49 8.71E-03 
235 615 9 2 5.61 1.15E-02 
238 12312 9 2 5.61 1.15E-02 
239 484 11 3 4.57 1.16E-02 
241 8489 11 3 4.57 1.16E-02 
245 9015 7 1 8.72 1.21E-02 
271 11638 5 0 12.46 1.34E-02 
m m i 5 5 Q UAh LMEJR 
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Table A (Continued) 
4Sni 5 n 12 46 1 MF-O? 
257 4515 5 0 12.46 1.34E-02 
260 5978 5 0 12.46 1.34E-02 
265 8791 5 0 12.46 1.34E-02 
266 9641 5 0 12.46 1.34E-02 
267 9679 5 0 12.46 1.34E-02 
269 10444 5 0 12.46 1.34E-02 
274 11417 33 23 1.79 1.43E-02 
277 2242 11 4 3.43 1.81E-02 
280 5482 14 6 2.91 2.10E-02 
282 2457 8 2 4.99 2.20E-02 
285 4564 12 5 2.99 2.50E-02 
287 7040 12 5 2.99 2.50E-02 
290 1388 19 11 2.15 2.53E-02 
291 2858 17 9 2.35 2.69E-02 
296 871 4 0 9.97 3.18E-02 
302 2458 4 0 9.97 3.18E-02 
303 3826 4 0 9.97 3.18E-02 
304 4202 4 0 9.97 3.18E-02 
305 4350 4 0 9.97 3.18E-02 
307 4949 4 0 9.97 3.18E-02 
308 5027 4 0 9.97 3.18E-02 
309 5103 4 0 9.97 3.18E-02 
311 5380 4 0 9.97 3.18E-02 
314 6471 4 0 9.97 3.18E-02 
315 6789 4 0 9.97 3.18E-02 
318 7997 4 0 9.97 3.18E-02 
321 8570 4 0 9.97 3.18E-02 
324 10814 4 0 9.97 3.18E-02 
339 8168 7 2 4.36 4.17E-02 
341 3807 13 7 2.31 4.36E-02 
342 36 6 1 7.48 4.68E-02 
343 569 6 1 7.48 4.68E-02 
344 987 6 1 7.48 4.68E-02 
347 4174 6 1 7.48 4.68E-02 
349 4695 6 1 7.48 4.68E-02 
350 5753 6 1 7.48 4.68E-02 
351 6805 6 1 7.48 4.68E-02 
352 7356 6 1 7.48 4.68E-02 
355 10299 6 1 7.48 4.68E-02 
35 6 10429 6 ] 7.4R 4.6RF,-n2 
a The number is not continuous as those with protein homologues are not included, 
b GLEAN model number is in the form of Gene:Jan06m300_GLEAN_XXXXX during inquiry in the 
C. cinerea genome annotations website. 
e Occurrence of the gene model is given by the summation of the counts of tags found Ikb upstream, 
d Fold difference is calculated by dividing the % abundance in mycelium by that in primordium. 
e A p-value of 0.05 in the Fisher Exact Test is used as confirmation of differential expression. 
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Table B Summary of the 135 (out of 696) differentially expressed genes 
without protein homologues in the primordial stage 
Occurrence 
No.a GLEAN model b Fold difference ^ Fisher p-value ‘ 
Myc Pri 
1 SOIA n 5(S6 9 0 8 9,8 1 U R - H - i 
2 1 0 8 4 6 2 4 7 6 1 9 0 . 9 6 9 . 3 0 E - 1 1 0 
3 4 2 6 7 0 3 4 9 5 6 0 . 0 5 1 . 0 2 E - 8 3 
4 3 6 2 3 3 2 9 1 7 7 . 8 3 2 . 3 2 E - 6 4 
5 7 9 8 0 0 2 2 6 3 6 2 . 6 7 1 . 4 4 E - 5 4 
12 5 2 3 2 0 1 3 5 2 1 6 . 6 4 1 . 2 5 E - 3 2 
3 3 1 2 5 0 4 0 5 1 8 1 . 8 4 7 . 6 9 E - 1 3 
4 2 1 0 8 3 7 2 9 1 3 6 3 . 7 6 2 . 1 4 E - 1 1 
4 4 7 5 4 6 1 5 0 4 0 . 1 2 3 . 7 1 E - 1 1 
4 6 4 2 0 6 2 6 1 2 6 3 . 8 9 5 . 3 4 E - 1 1 
5 0 9 8 1 1 0 4 3 6 9 . 0 0 9 . 3 4 E - 1 1 
5 3 5 2 3 3 8 8 2 5 6 2 . 3 3 1 . 5 8 E - 1 0 
5 9 2 6 2 2 1 1 2 2 9 2 2 . 0 9 1 . 5 8 E - 0 9 
61 3 6 5 6 1 4 2 3 3 . 7 0 2 . 2 3 E - 0 9 
6 5 7 4 5 8 10 7 3 5 . 8 6 4 . 0 9 E - 0 9 
6 6 4 0 9 4 11 7 5 5 . 4 7 4 . 4 6 E - 0 9 
6 8 8 0 0 2 0 35 5 6 . 1 7 5 . 9 5 E - 0 9 
6 9 2 3 1 4 0 3 2 . 0 9 6 . 9 9 E - 0 9 
7 3 6 1 2 9 3 4 7 12 .57 1 . 9 6 E - 0 8 
7 7 2 4 9 9 19 91 3 . 8 4 3 . 2 5 E - 0 8 
87 6 0 9 7 4 4 6 9 . 2 3 1 . 4 4 E - 0 7 
9 0 1 1 3 7 1 0 2 8 4 4 . 9 3 2 . 3 6 E - 0 7 
9 4 9 0 1 7 1 3 2 2 5 . 6 8 4 . 1 2 E - 0 7 
97 9 7 6 3 2 3 5 1 4 . 0 4 8 . 2 9 E - 0 7 
1 0 5 6 9 9 8 0 2 5 4 0 . 1 2 1 . 3 6 E - 0 6 
109 9 5 6 4 3 6 1 1 6 2 . 5 9 2 . 2 0 E - 0 6 
1 3 3 1 6 0 7 1 2 6 2 0 . 8 6 1 . 3 0 E - 0 5 
1 3 5 8 7 9 9 4 3 6 7 . 2 2 1 . 5 0 E - 0 5 
1 4 2 6 5 2 6 4 1 5 . 4 8 2 . 0 1 E - 0 5 
151 7 4 4 3 0 2 0 3 2 . 0 9 2 . 9 6 E - 0 5 
1 5 3 1 5 7 4 2 27 1 0 . 8 3 3 . 8 5 E - 0 5 
158 7 9 6 2 11 5 2 3 . 7 9 5 . 3 3 E - 0 5 
1 6 4 1 0 0 3 6 5 0 6 8 6 5 1 .37 6 . 1 8 E - 0 5 
1 7 0 1 0 8 1 8 1 2 2 17 .65 7 . 1 0 E - 0 5 
1 7 3 8 6 2 5 17 6 3 2 . 9 7 9 . 8 7 E - 0 5 
181 6 7 1 4 6 0 146 1 .95 1 . 2 8 E - 0 4 
1 8 4 1 0 0 6 0 5 2 9 8 9 0 1 .35 1 . 4 3 E - 0 4 
197 2 7 1 8 3 27 7 . 2 2 2 . 6 5 E - 0 4 
2 0 1 2 3 8 0 13 51 3 . 1 5 3 . 2 1 E - 0 4 
2 0 5 2 8 2 3 7 2 2 .51 3 . 5 8 E - 0 4 
2 1 9 5 9 4 0 14 2 2 . 4 7 5 . 7 6 E - 0 4 
2 2 0 1 1 8 7 6 0 14 2 2 . 4 7 5 . 7 6 E - 0 4 
2 2 5 1 1 5 4 4 1 18 14 .44 6 . 5 9 E - 0 4 
2 3 5 8 6 6 5 5 2 9 4 . 6 5 8 . 0 0 E - 0 4 
2 3 6 9 2 5 7 5 2 9 4 . 6 5 8 . 0 0 E - 0 4 
2 3 7 9 9 0 8 5 29 4 . 6 5 8 . 0 0 E - 0 4 
2 4 5 3 6 6 1 0 13 2 0 . 8 6 1 . 0 5 E - 0 3 
2 4 6 8 5 4 0 0 13 2 0 . 8 6 1 . 0 5 E - 0 3 
2 4 8 9 3 2 4 2 6 7 4 2 . 2 8 1 . 0 9 E - 0 3 
2 5 2 2 7 3 7 2 7 7 5 2 . 2 3 1 . 2 3 E - 0 3 
2 5 9 3 2 8 7 3 2 3 .67 1 . 8 0 E - 0 3 
2 6 2 1 1 8 0 3 2 2 5 . 8 8 1 . 8 3 E - 0 3 
261 mn 6 2Q ^ 
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Table A (Continued) 
767 IS n 17. 19 9,6 1 (MR-m 
2 6 8 4 5 0 2 0 1 2 1 9 . 2 6 1 . 9 4 E - 0 3 
2 8 5 5 4 3 2 18 7 . 2 2 2 . 6 6 E - 0 3 
2 8 6 1 7 9 8 2 18 7 . 2 2 2 . 6 6 E - 0 3 
2 8 8 3 1 2 13 4 4 2 . 7 2 2 . 9 0 E - 0 3 
2 8 9 2 2 6 3 2 7 71 2 . 1 1 2 . 9 4 E - 0 3 
2 9 1 1 0 8 4 7 3 2 1 5 . 6 2 2 . 9 9 E - 0 3 
3 0 8 1 7 6 7 0 11 1 7 . 6 5 3 . 6 1 E - 0 3 
3 0 9 6 3 0 1 0 11 1 7 . 6 5 3 . 6 1 E - 0 3 
3 1 0 9 8 1 3 0 11 1 7 . 6 5 3 . 6 1 E - 0 3 
3 1 7 9 4 3 5 1 15 1 2 . 0 4 3 . 6 7 E - 0 3 
3 1 9 9 5 7 4 11 3 9 2 . 8 4 3 . 8 0 E - 0 3 
3 3 6 8 0 2 3 4 2 2 4 . 4 1 4 . 9 2 E - 0 3 
3 4 0 7 6 1 9 8 31 3 . 1 1 5 . 5 4 E - 0 3 
3 4 1 7 9 0 6 2 1 5 7 2 . 1 8 5 . 8 2 E - 0 3 
3 5 6 1 1 2 3 7 6 2 6 3 . 4 8 6 . 7 7 E - 0 3 
3 7 3 2 6 6 7 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 7 4 2 6 8 0 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 7 5 5 5 8 4 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 7 6 5 9 2 7 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 7 7 7 8 1 2 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 7 8 9 4 5 0 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 7 9 1 0 2 4 5 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 8 0 1 0 5 2 2 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 8 1 1 1 3 6 1 0 10 1 6 . 0 5 6 . 7 9 E - 0 3 
3 8 7 3 2 7 4 2 16 6 . 4 2 7 . 3 1 E - 0 3 
3 8 8 9 8 4 7 2 16 6 . 4 2 7 . 3 1 E - 0 3 
3 9 6 7 2 5 4 3 19 5 . 0 8 7 . 9 9 E - 0 3 
3 9 7 1 0 8 5 6 3 19 5 . 0 8 7 . 9 9 E - 0 3 
4 0 0 4 1 9 8 1 3 4 1 2 . 5 3 8 . 2 3 E - 0 3 
4 0 3 4 7 9 4 2 0 5 4 2 . 1 7 9 . 1 7 E - 0 3 
4 1 3 1 8 5 7 1 12 9 . 6 3 1 . 0 6 E - 0 2 
4 1 4 6 3 9 7 1 12 9 . 6 3 1 . 0 6 E - 0 2 
4 1 5 8 7 6 7 2 4 6 0 2 . 0 1 L.LOE-02 
4 2 5 5 9 3 6 4 2 0 4 . 0 1 1 . 2 0 E - 0 2 
4 3 1 1 1 5 4 5 2 15 6 . 0 2 1 . 2 1 E - 0 2 
4 3 4 1 4 0 5 3 17 4 . 5 5 1 . 2 7 E - 0 2 
4 3 5 6 4 0 6 3 17 4 . 5 5 1 . 2 7 E - 0 2 
4 4 6 9 4 9 0 9 1 4 . 4 4 1 . 2 9 E - 0 2 
4 4 7 2 3 6 3 0 9 1 4 . 4 4 1 . 2 9 E - 0 2 
4 4 8 6 6 9 2 0 9 1 4 . 4 4 1 . 2 9 E - 0 2 
4 4 9 8 8 0 6 0 9 1 4 . 4 4 1 . 2 9 E - 0 2 
4 5 2 5 6 1 0 3 18 4 . 8 1 1 . 3 0 E - 0 2 
4 7 9 9 6 8 1 11 8 . 8 3 1 . 8 0 E - 0 2 
4 8 0 4 4 8 4 1 11 8 . 8 3 1 . 8 0 E - 0 2 
4 8 2 1 0 6 1 8 1 0 3 2 2 . 5 7 1 . 8 2 E - 0 2 
4 8 6 1 1 5 4 6 7 2 5 2 . 8 7 1 . 9 9 E - 0 2 
4 9 1 5 4 5 2 3 16 4 . 2 8 L 9 9 E - 0 2 
4 9 2 8 5 4 2 3 16 4 . 2 8 1 . 9 9 E - 0 2 
4 9 8 2 4 8 6 2 14 5 . 6 2 2 .01 E - 0 2 
5 2 6 2 7 3 6 0 7 1 1 . 2 3 2 . 3 8 E - 0 2 
5 2 7 5 5 0 4 0 7 1 1 . 2 3 2 . 3 8 E - 0 2 
5 2 8 7 7 7 2 0 7 1 1 . 2 3 2 . 3 8 E - 0 2 
5 2 9 1 0 1 8 4 0 7 1 1 . 2 3 2 . 3 8 E - 0 2 
5 3 0 1 1 3 6 2 0 7 1 1 . 2 3 2 . 3 8 E - 0 2 
5 3 1 1 2 4 1 0 0 7 1 1 . 2 3 2 . 3 8 E - 0 2 
5 6 3 9 6 9 0 8 1 2 . 8 4 2 . 4 5 E - 0 2 
5 6 4 4 8 9 1 0 8 1 2 . 8 4 2 . 4 5 E - 0 2 
5 6 5 9 6 6 0 0 8 1 2 . 8 4 2 . 4 5 E - 0 2 
222S Q 8 12M 2 A 5 E ^ 
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Table B (Continued) 
6881 7 94 7 75 7 88F.-0?. 
576 7846 7 24 2.75 2.88E-02 
589 2055 1 10 8.02 3.07E-02 
590 7848 1 10 8.02 3.07E-02 
611 11288 2 13 5.22 3.31E-02 
623 11918 38 78 1.65 3.89E-02 
665 3624 0.5 6 9.63 4.28E-02 
666 4129 0.5 6 9.63 4.28E-02 
667 5989 0.5 6 9.63 4.28E-02 
668 8130 0.5 6 9.63 4.28E-02 
669 9540 0.5 6 9.63 4.28E-02 
670 10046 0.5 6 9.63 4.28E-02 
671 10807 0.5 6 9.63 4.28E-02 
672 10944 0.5 6 9.63 4.28E-02 
673 11888 0.5 6 9.63 4.28E-02 
678 400 4 17 3.41 4.42E-02 
679 3247 4 17 3.41 4.42E-02 
681 11320 12 32 2.14 4.75E-02 
688 8649 3 14 3.74 4.85E-02 
695 3128 6 21 2.81 4.93E-02 
LL45S m 2S L25 4.9•制 2 
a The number is not continuous as those with protein homologues are not included. 
b GLEAN model number is in the form of Gene:Jan06m300_GLEAN_XXXXX during inquiry in the 
C. cinerea genome annotations website. 
e Occurrence of the gene model is given by the summation of the counts of tags found Ikb upstream, 
d Fold difference is calculated by dividing the % abundance in primordium by that in mycelium 
e A p-value of 0.05 in the Fisher Exact Test is used as confirmation of differential expression. 
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